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ABSTRACT

THE EFFECT OF OXIDATION AND SUPPORT ON TIO2 (110)-SUPPORTED
PDN (N =1-7) CLUSTERS

By S. Vincent Ong, Ph.D.

A dissertation submitted in partial fulfillment of the requirements for the degree
of Doctor of Philosophy in Chemistry at Virginia Commonwealth University.

Virginia Commonwealth University, 2011.
Director: Shiv N. Khanna, Commonwealth Professor, Department of Physics

First principles theoretical studies based on a gradient-corrected density functional
approach have been carried out on the atomic and electronic properties and oxidation
of Pdn (n=1-7) clusters supported on the TiO2 (110) surface. The studies are aimed
to address some of the fundamental issues related to the properties of supported Pdn
clusters used as catalysts in oxidation reactions. Of those issues are the following:
What are the atomic structures of Pdn clusters on the TiO2 surface? Upon oxidation,
do O atoms from a dissociated O2 molecule spill over onto the underlying TiO2 support? How strongly does spillover oxygen bind? What is the microscopic mechanism
for the experimentally observed strong metal support interaction (SMSI) state where
the Pd catalyst becomes encapsulated by the surface? Is this related to spillover
x

oxygen? How do the properties of the Pdn clusters change when the TiO2 surface is
marked with oxygen vacancies?
As will be shown, the ground state geometries of supported Pdn clusters are driven
by competing effects including intra-cluster interactions favoring compact structures
and cluster support interactions favoring geometries that flatten out in the TiO2 (110)
surface channel. When exposed to O2 , a single Pd atom only activates the O-O bond
while all other clusters energetically favor a broken O-O bond. For Pdn O2 (n=2-7),
while one O is adsorbed on the Pdn cluster, the second O spills over to a lattice Ti
site binding at the Pd-Ti interface. The binding strength of these spillover atoms is
calculated to be surprisingly high, which is identified to be a result of long-range ionic
interactions between Pd and spilled over oxygen. When oxygen spills onto lattice Ti
sites, composite TiO motifs are formed that can exchange sites with Pd atoms with
a minimal energy, opening the pathway for Ti migration and strong metal support
interactions. For the TiO2 surface with oxygen vacancies, clusters bound at the
vacancy site possess atomic and electronic properties that resemble bulk palladium.
The theoretical findings are compared with recent experiments and are believed to
provide insight toward developing a fundamental understanding of supported Pdn
clusters as oxidation catalysts.

xi

1. Introduction
1.1

Size Matters

The foundations of nanoscience are rooted in the idea that “size matters”. Many
physical and chemical properties of materials have a dependence on size, which can
roughly be grouped into three regimes. Towards one extreme, the bulk limit is approached and constitutes the most traditionally studied size regime. A decrease in
size leads to a scaling regime where some properties scale in proportion to a materials
dimensions (e.g., melting temperature of gold nanoparticle). 1 Finally, the smallest
regime is approached as the dimensions are confined to within a few nanometers.
These “materials” can be considered “particles” as their dimensionality is reduced to
zero. The dimensionality is considered zero because the typical length scales that are
critically associated to certain physical properties (e.g., mean free path of an electron)
exceed all three dimensions of the particle, giving rise to unexpected phenomenon.
In the gas phase, these particles are referred to as clusters, consisting of anywhere
between 2-100 atoms. In this cluster regime, the physical and chemical properties
have a fascinating behavior and change erratically with size, shape, charge state, and
composition. 2–5 Their properties can no longer be described within the classical laws
of physics as their nature is dominated by quantum effects. To this end, classical
physics can be said to lose its power of predictability, inviting new rules and models
to be established.
1

Such models are aimed at explaining the unusual properties of clusters, whether it
pertains to a cluster’s stability, reactivity, electronic, optical, or magnetic properties.
Perhaps the most prominent model that holds the power of predicting stability of
clusters is the jellium model. This model shows that the electronic states in small,
symmetric metal clusters bunch into electronic shells much in the same way as atoms,
and that clusters with filled shells exhibit enhanced energetic and chemical stability.
The jellium model explains why the compact Al−
13 cluster, for example, shows enhanced stability and a resiliency to react with oxygen, while the removal of just a
6,7
single atom leads to an Al−
The unique
12 cluster that is highly reactive with oxygen.

behavior is even more exemplified when considering bulk aluminum’s extremely high
exothermicity toward oxide formation. 8 Another example is the unusual magnetic
properties that clusters have been shown to possess. Elements known to be nonmagnetic in the bulk phase (e.g., bulk rhodium), possess strong magnetic moments
that vary considerably with size. 9
The implications of research in cluster science extend far beyond establishing a set
of rules that predict the stability or magnetic moments of small gas phase particles.
Clusters can also be used as model systems to elucidate the details of otherwise
complex phenomenon, for example catalytic reactions. In regards to reactivity, the
size, charge state, stoichiometry, and active sites of a catalyst are among the factors
shown to have a critical effect on its activity. 10–12 These factors all depend on the
atomic, electronic, and magnetic structure of the catalyst. Because clusters consist of
a countable number of atoms, identifying the critical factors that control reactivity is
a manageable task. The understanding gained by identifying these factors can then be
related back to the realistic catalytic systems for further optimization and design. 13
Traditionally, clusters have been studied in the gas phase. 14–17 However, advances
in phosphate and thiolate chemistry have led to ligand-stabilized clusters, which can
2

be immersed in solutions. 18–21 Even solid phase materials have been synthesized by
exploiting the superatomic-like nature of stable clusters and assembling them as the
building blocks in so-called “cluster assembled materials”. 22,23 Lastly, with the advent
of modern surface science techniques such as ultra high vacuum (UHV) technology,
clusters can now be supported and stabilized on solid surfaces in highly controlled
environments where their properties can be probed. 24,25

1.2

Supported Clusters

Transitioning from gas phase to supported clusters introduces an entirely new realm
of important factors. For instance, where do the clusters bind and in what atomic
arrangement? How do the clusters interact with the support and does this modify
their electronic properties? For supported metal clusters, these questions pertain to
understanding metal growth on a surface, which has fundamental implications in a
variety of industrial applications. In the semiconductor industry, the challenge to
epitaxially grow thin metal films on oxide supports requires a rigorous understanding
of the physical and chemical interactions that take place between metal and support.
In heterogeneous catalysis, efforts are aimed at reducing the size of supported metal
clusters in an attempt to maximize the surface-to-volume ratio of the catalyst and
identify the most reactive species. Yet, an ever-prominent obstacle to these efforts
is that clusters are thermodynamically driven to aggregate at elevated temperatures,
and upon aggregation the catalytic activity decreases as the exposed active surface of
the metal catalyst is also decreased. A first step towards maximizing catalytic activity
is to understand how clusters configure on the support. For example, understanding
whether a vapor-deposited metal prefers to form a second layer of atoms or contribute
to a monolayer instead yields insight on cluster nucleation and growth. In a supported
3

cluster study, this translates to determining the cluster size at which the transition
to three-dimensionality occurs. Supported metal clusters, starting as small as two
atoms, represents the ideal template to study this since the transition from 2D to 3D
may likely occur at small sizes. Many supported cluster studies employ metal oxide
surfaces as the support because they are typically non-reactive with the clusters. This
means the clusters are in fact on the surface and typically with a high dispersion.
In most cases, details of the interfacial reactions between cluster and oxide support
lack a fundamental understanding. This includes charge transfer either to or from the
supported cluster and the effect of the support on the cluster’s atomic configuration.
Out of all oxide surfaces, rutile TiO2 (110) is the most studied; 26 and the properties
of a wide range of sizes of Pt, Au, and Ag clusters on TiO2 have previously been
investigated. 27–31 However, the scientific literature for Pdn clusters on TiO2 is mainly
limited to single atoms and dimers. 32–34 It should be noted that theoretical studies
on supported Pd6 and Pd13 have been reported, but fail to provide a comprehensive
view as only the gas phase cluster geometries were considered. 35
In addition to bare cluster binding at a support, the chemical and physical factors
that control the oxidation of supported clusters are not fully understood. Knowledge
of these factors is required for the development of catalysts that can act in oxidation
reactions (e.g., oxidation of CO), especially when considering that most oxidation
reactions proceed via the initial oxidation by O2 . Characterizing the oxidation properties is of key importance because of the critical relationship known to exist between
the catalytic efficiency of oxidation reactions and the strength to which atomic oxygen binds to the metal surface. This relationship, an example of Sabatier’s principle,
states that a certain range of metal-oxygen binding energies optimizes the catalytic
activity. For CO2 oxidation, this range of binding energies is roughly around 3.3 to
4.0 eV, as can be seen in Figure 1.1. 36 At energies above that range, a stable oxide
4
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Figure 1.1: Relationship between rate of CO oxidation WCO2 and metal oxygen
bond energy EM −O . Figure based on data from Santra et al. where T = 793 K,
PO2 = PCO = 10−7 Torr. 36
phase is thermodynamically preferred (e.g., Ru and Ni). At binding energies below
that range, binding between the metal and oxygen is not strong enough to break the
O-O bond, leaving oxygen in its molecular form (e.g., Ag and Au). Several platinum
group metals (e.g., Pt, Pd, Rh, and Ir) bind to oxygen in this optimal range, making
them suitable catalysts for CO oxidation. 36
Depositing clusters on a support in sub-monolayer concentrations introduces additional factors. Gaseous O2 and CO can now adsorb not only at the cluster site,
but also directly on the support or even at the cluster support interface. Further,
the TiO2 surface is known to be reactive toward O2 when surface defects are present,
further increasing the complexity of the situation. 37,38 An O2 molecule dissociated
at a TiO2 surface defect site can now leave single oxygen adatoms on the surface,
which may be mobile on the surface provided sufficient temperatures to overcome
diffusion barriers, an observation supported by experiments. 38,39 On the other hand,
even if adsorbent molecules initially bind directly at the cluster site, mobility on the
cluster surface may lead to so-called “spillover” mode binding. Such effects have

5

been observed for palladium nanoparticles supported on rutile TiO2 that undergo
an oxidation at high temperatures, where O2 dissociatively adsorbs at the palladium
surface and either one or both of the dissociated O atoms “spills over” to the titania
support. 40 This highlights one of the unique features of supported cluster catalysis,
especially in comparison to catalysis by a bulk metal surface. Figure 1.1 indicates
that a metal with too low of a metal-oxygen binding energy cannot oxidize CO because it does not dissociate O2 in the first place. If oxidation by a supported Pdn
cluster results in spillover oxygen atoms, this may provide opportunities to have lower
binding energies than possible with bulk surfaces. Thus, efforts to design a supported
cluster catalyst can be directed at decreasing the binding strength of the spillover
oxygen.
Another issue arises when considering the strong interactions that can take place
between cluster and support. Such interactions have been reported to modify the
chemisorption properties of certain metal particles on oxide supports after they undergo a high temperature reduction. 41,42 These strong interactions lead to what is
referred to as “strong metal support interaction” (SMSI) state, and have been reported for a variety of metal-support systems including Pd/TiO2 . 43,44 The effect,
initially reported in 1978 by Tauster, is known to reduce the supported metal’s capacity to sorb (adsorb and absorb) gaseous molecules such as H2 and O2 . 41 This was
originally reported with regards to the implications in H2 chemisorption saturation
experiments, which were commonly performed for supported metal systems to provide
a quantitative measurement of exposed metal surface. 45 However, modern research
efforts are aimed toward providing insight to the nature of these interactions, specifically in determining why the sorption properties are reduced. Current models suggest
the supported particle is either encapsulated by or forms an inter-metallic alloy with
atoms of the underlying titania support. 44,46,47 It has been proposed that the oxy6

gen spillover phenomenon and SMSI effect are somehow related, yet a molecular-level
depiction is lacking in the literature to draw conclusive evidence connecting the two. 48
Major advancements in experimental and theoretical techniques now permit accurate studies on supported cluster systems with an unprecedented level of control.
Combined with UHV technology, mass-selected cluster deposition techniques can be
employed to achieve narrow particle size distributions of supported metal clusters.
Such experiments truly characterize the size dependent nature of supported clusters
and can be performed in parallel with a variety of experimental techniques such as: Xray Photoelectron Spectroscopy (XPS), Scanning Tunneling Microscopy (STM), and
Ion Scattering Spectroscopy (ISS) among many others. 24,25,49–53 This functionality is
complemented by advances in computational techniques that allow for accurate simulation of surfaces with supercells containing hundreds to thousands of atoms. And
with the accurate representation of surfaces, the atomic, electronic, and magnetic
properties of clusters bound to those surfaces can be accurately probed by theoretical
techniques. Together, the advances in experiments and theory provide the means for
developing a microscopic understanding of the underlying processes.
Within this PhD, state-of-the-art electronic structure calculations have been performed to study these interactions of palladium clusters on a titanium dioxide surface.
The goal is to identify the nature of cluster-support interactions on both the perfect,
single crystal surface as well as the surface marked with oxygen vacancy defects. The
primary motivation behind the latter is to provide an accurate representation of the
experimental surface, where 7-12% of the surface unit cells are known to contain
bridging oxygen vacancies. 38,54 The specific issues of interest in the present studies
are the following:

7

• What are the atomic structures of the deposited clusters and how do the structures evolve with size?
• How strongly do the clusters bind to the surfaces and how is the support perturbed by the deposited cluster?
• What is the electronic and magnetic structure of the deposited cluster and how
are they controlled by the support?
• How mobile are single Pd atoms on oxide surfaces, and does this mobility promote the nucleation and growth of larger clusters?
• Considering that the TiO2 surfaces are often marked by oxygen vacancies, how
do the clusters bind to these vacancies and how do the vacancies control their
electronic character?
• For oxidation reactions, how does the addition of oxygen modify the cluster
behavior and how strongly are the oxygen atoms bound to the cluster?
• The oxidation reactions are governed by the binding energy of oxygen to the
surface. One way to accomplish this is to enhance coverage. How does the
binding energy evolve with oxygen coverage?
• Many catalytic reactions involve charging of clusters during the oxidation/reduction
process. How does the support change the charged state of the cluster?
• The Pdn clusters lead to a splitting of an O2 molecule into two O atoms. Do
the O atoms stay on the Pdn cluster or are some of them “spilled over” to the
TiO2 substrate?
• What are the microscopic mechanisms leading to strong metal support interactions and what motifs are likely to initiate such effects?
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The present work is a part of the Multi University Research Initiative (MURI)
effort supported by the Air Force Office of Scientific Research (AFOSR) for the development of novel palladium catalysts in fuels, propulsion, and other applications. The
MURI effort combines the theoretical work performed within this PhD at Virginia
Commonwealth University with experimental efforts at Pennsylvania State University, Princeton University, University of Utah, and University of Southern California.
The specific interest in palladium as a catalyst is due to its short fuel ignition delay
times and the possibility of reducing the ignition temperature during the catalytic
combustion of methane. 55 The fundamental studies of this PhD on the size-dependent
properties of Pdn clusters on rutile TiO2 are in direct correspondence to the UHV,
soft-landing cluster deposition experiments by the group of Anderson. 56,57 Similar
studies of Pdn clusters supported on alumina/NiAl(110) have previously been reported within the collaboration, 58,59 and the results are referred to throughout the
chapters in this thesis.

1.3

Organization of this Thesis

The overall objective of this thesis is to provide the reader with an understanding
of how Pdn clusters interact with the support and the oxidation properties of the
supported Pdn clusters. Since this is a theoretical study based on Density Functional
Theory, the numerical methods used to calculate the properties of supported clusters
is overviewed. This is followed by a description of the computational methodology,
which was written with the intent for an incoming graduate student familiar with
DFT to be able to reproduce this work and extend the project further. The results
chapters begin with an introduction to the TiO2 surface, with an emphasis on the
surface properties as calculated within DFT. Additionally, the calculated properties
9

for free (gas phase) Pdn clusters are presented. The remaining chapters (Chapters 4
thru 7) are purposely ordered to build certain concepts that are referred back to in
the chapters that follow. Each of these chapters has been written up as an article that
has either been accepted for publication or is in the process of publication. Chapter
4 uses the Pd4 cluster as a template to introduce the nature of adsorbate-induced
reconstructions on the TiO2 surface, as well as oxygen induced reconstructions that
the Pdn clusters undergo upon oxidation. The study reported in Chapter 5 uses a
single PdO molecule on the TiO2 surface as a model system to introduce the long range
interactions that are shown to take place between Pd and O as they are separated to
long distances. This chapter directly addresses the oxygen spillover binding modes
and the implications that they may have in the SMSI effect. The remaining two
chapters refer back to the results from the previous ones to present the stability and
oxidation properties of Pdn clusters on the perfect (Chapter 6) and reduced (Chapter
7) TiO2 surface. Supplemental calculations were performed for the results of select
chapters, and for the sake of clarity and flow, are reported in the Appendices.
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2. Numerical Methods
2.1

Introduction

This chapter is intended to provide a brief overview of the theoretical methods used
within this PhD, namely those based on Density Functional Theory (DFT). The following sections begin with quantum mechanics and statistical mechanics to introduce
the two theorems proposed by Hohenberg and Kohn, and the methods by Kohn and
Sham that led to the formulation of DFT.

2.2
2.2.1

Background
Quantum Mechanics

The ultimate goal of most electronic structure calculations, such as those performed
within this PhD, is to solve the time-independent Schrödinger equation,

ĤΨ = EΨ,

(2.1)

a second order partial differential equation, which can be solved to obtain the wavefunctions Ψi and allowed energy levels Ei associated with the ith state of a particular
system. When applied to the motion of interacting nuclei and electrons, the Hamil-
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tonian operator Ĥ adopts the form,

Ĥ = −

X ~2
1 X ZI ZJ e2
1X
e2
~2 X 2 X ZI e2
+
−
∇2I +
,
∇i −
2me i
|r
2
|r
2M
2
|R
i − RI |
i − rj |
I
I − RJ |
i,I
I
i6=j
I6=J
(2.2)

where the lower and upper case subscripts denote electron and nuclei indices, respectively. The terms of this general Hamiltonian operator as they appear in Equation 2.2 represent the following: electron kinetic energy, electron-nuclei Coulomb potential, electron-electron Coulomb potential, nuclei kinetic energy, and nuclei-nuclei
Coulomb potential. Additional terms, related to magnetic or electric fields for example, may also be added to the Hamiltonian. It is useful to know that “zero energy”
refers to all particles infinitely away from each other (all Coulomb terms go to zero)
and not moving (all kinetic terms go to zero). For this reason, total energy calculations of chemically bound systems should always result in negative energies.
The wavefunction Ψ of the system depends on 3N spatial coordinates of the electrons, N spin coordinates of the electrons, and 3M spatial coordinates of the nuclei;
N and M are the total number of electrons and nuclei in the system, respectively.
This makes Schrödinger’s equation a partial differential equation in 4N+3M coordinates and impossible to solve, analytically, for systems containing more than one
electron. Several approximations can be applied to simplify solving of the equation.
The first accounts for the significant difference between the masses of electrons and
nuclei (the mass of the lightest nuclei being about 1800 times larger than the mass
of an electron), and considers the electrons moving in a field of fixed, or clamped,
nuclei. This is referred to as the Born-Oppenheimer approximation, 60 and the fourth
term of Equation 2.2 is removed as the movement of nuclei. For fixed nuclei the fifth
term simply becomes a constant. Equation 2.2 can now be reduced to the electronic
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Hamiltonian operator,

Ĥelec = −

1X
e2
~2 X 2 X ZI e2
+
= T̂ + V̂N e + V̂ee ,
∇i −
2me i
|r
2
|r
i − RI |
i − rj |
i,I
i6=j

(2.3)

which operates on only the electronic wave function Ψelec to get the electronic energies
Eelec . The total energy of the system is simply the sum of the electronic energy and
that constant nuclear repulsion energy term

Enuc =

1 X ZI ZJ e2
.
2 I6=J |RI − RJ |

(2.4)

The electronic wavefunction,

Ψelec = Ψelec (~x1 , ~x2 , ..., ~xN ),

(2.5)

is a function of spatial (~ri ) and spin (si ) coordinates, collectively grouped as (~xi ), and
the square of the wavefunction gives the probability density of finding the electrons
in state ~x = ~x1 , ~x2 , ...~xN . The property that electrons are indistinguishable from
each other requires that a probability density must not change if the position of two
electrons (i and j) are switched. That is,

|Ψ(~x1 , ~x2 , ..., ~xi , ~xj , ..., ~xN )|2 = |Ψ(~x1 , ~x2 , ..., ~xj , ~xi , ..., ~xN )|2 .

(2.6)

The mathematical constraint required for this to be true is that these two wavefunctions can differ at most by a complex number eiφ . Electrons, being fermions
(particles with spin 1/2), have anti-symmetric wavefunctions, meaning that a change
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in the state of two electrons requires a sign change in the wavefunction. That is,

Ψ(~x1 , ~x2 , ..., ~xi , ~xj , ..., ~xn ) = −Ψ(~x1 , ~x2 , ..., ~xj , ~xi , ..., ~xn ).

(2.7)

This antisymmetry principle is what enforces the Pauli exclusion principle, which
states that no two electrons can occupy the same state.

2.2.2

Variational Principle

The first step towards finding a solution to Schrödinger’s equation is to set up the
Hamiltonian for the system. By close inspection of the electronic Hamiltonian in
Equation 2.3, this requires the knowledge of only the number of electrons in the
system and the position and charge of the nuclei. The other terms, such as the
kinetic energy of the electrons (T̂ ) and electron-electron Coulomb potential (V̂ee ), are
independent of the particular molecule of interest. The second step is to obtain the
wavefunctions Ψi , and subsequently the corresponding allowed energies Ei for the
Hamiltonian. Of course, it is this step which poses the most prominent challenge
of quantum mechanics since no analytic method of solving Schrödinger’s equation
exists, at least for systems containing more than one electron. However, several
methods to determine the wavefunctions have been proposed, the most prominent of
which invokes the variational principle. From quantum mechanics, we know that the
expectation value of any observable Ô requires the integration over all coordinates,
Z
hÔi =

Z
...

Ψ∗trial Ô Ψtrial d~x1 d~x2 ...d~xN = hΨtrial |Ô|Ψtrial i,

(2.8)

where Ψ is normalized, d~x1 d~x2 ...d~xN are volume elements, and the rightmost equality
is the integral in Dirac notation. Thus, the total energy of a system is given by
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the expectation value of the Hamiltonian. The variational principle states that the
energy, as determined by the expectation value of the Hamiltonian operator Ĥ from
a trail wavefunction Ψtrial , will always be an upper bound to the ground state energy,
and that equality will only hold when the trail wavefunction is identical to the ground
state wavefunction. That is,

hΨtrial |Ĥ|Ψtrial i = Etrial ≥ E0 = hΨ0 |Ĥ|Ψ0 i.

(2.9)

Thus, the ground state wavefunction of the system Ψ0 is approached as the total
energy is lowered, and the energy given by the ground state wavefunction is the
ground state energy E0 . In summary, the ground state total energy is obtained
by a minimization of the total energy, a functional of the wavefunction, which is
the expectation of the Hamiltonian operator integrated over all coordinates in the
wavefunction. The word functional is used in regards to the energy E[Ψ] being a
function of another function Ψ(~x). Conceptually, the variational principle appears as

E0 = min E[Ψ] = min hΨ|Ĥ|Ψi = min hΨ|T̂ + V̂N e + V̂ee |Ψi.

2.2.3

(2.10)

Hartree Fock Approximation

The variational principles provides a mathematical construct that can be used to obtain the ground state wavefunction and ground state energy of the system. However,
in practice, searching over all possible wavefunctions is impossible. The methods by
Hartree and Fock, provide an approximation to the exact wavefunction of a many
electron system that allows for practical utilization of the solving the Schrödinger
equation. In this method, the N electron wavefunction is approximated by a Slater
determinant, an antisymmetrized product of N single electron wavefunctions. The
15

Slater determinant, ΦSD , is written as a matrix of the form:

1
Ψ0 ≈ ΦSD = √
N!

χ1 (~x1 )

χ2 (~x1 )

...

χN (~x1 )

χ1 (~x2 )
..
.

χ2 (~x2 )
..
.

...
..
.

χN (~x2 )
..
.

χ1 (~xN ) χ2 (~xN )

...

χN (~xN ).

(2.11)

The functions χi (~xi ) are single electron wavefunctions and contain both a spatial
function φi (~r) and one of two spin functions α(s) or β(s). The spin functions must
hold the property of orthonormality, meaning hα|αi = hβ|βi = 1, and hα|βi =
hβ|αi = 0. The antisymmetrized nature of the Slater determinant comes from the
property that upon exchanging two rows or two columns, the determinant undergoes
a change in sign. The variational principle within the Hartree-Fock approximation
now appears similar to the leftmost equality of Equation 2.10, except the energy
E0 is now the Hartree-Fock energy, EHF . The Hartree-Fock energy is obtained by
computing the expectation value of the Hamiltonian given by the Slater determinant
of a system, not the total wavefunction. The Hamiltonian operator, with use of the
Slater determinant, is written as:

EHF

N
N
N
X
1 XX
(ii|jj) − (ij|ji),
= hΦSD |Ĥ|ΦSD i =
(i|ĥ|i) +
2
i
j
i

(2.12)

where
Z
(i|ĥ|i) =

(

M
1 2 X ZA
∗
χi (~x1 ) − ∇ −
2
r1A
A

Z Z
(ii|jj) =

|χi (~x1 )|2
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)
χi (~x1 )d~x1 ,

1
|χj (~x2 )|2 d~x1 d~x2 ,
r12

(2.13)

(2.14)

and
Z Z
(ij|ji) =

χi (~x1 )χ∗j (~x1 )

1
χj (~x2 )χ∗i (~x2 )d~x1 d~x2 .
r12

(2.15)

Equation 2.13 is the sum of the electron kinetic energy term and the electron-nuclear
attraction term. Equations 2.14 and 2.15 are the Coulomb and exchange integrals, respectively, and together form the Hartree-Fock potential, VHF , felt by single electron.
The Coulomb term represents the potential experienced by an electron in spin orbital
χi and at position ~x1 due to another electron in spin orbital χj and at position ~x2 , and
the term is integrated over all space. The exchange term arises from the possibility of
an exchange between an electron in spin orbital χi and at position ~x1 and an electron
in spin orbital χj and at position ~x2 . It is important to note that the property of
orthonormality for spin orbitals causes the exchange term to go to zero for electrons
with different spins, meaning that electron exchange only exists for electrons of the
same spin. Lastly, within the Hartree-Fock equations, an electron can interact with
itself when i = j in Equation 2.14. However, this unphysical self-interaction term is
cleverly removed, because when i = j the Coulomb and exchange integrals exactly
cancel out. Thus in the Hartree-Fock method, this artificial electron self-interaction
is removed by a mathematical “trick”; but, as will be shown later, self-interaction is
not entirely removed in DFT, and can lead to errors in certain types of calculations.
In summary, the Hartree-Fock approximation provides a practical approach to
solving the Schrödinger equation by using a simplified, yet reasonable, representation
of a given system’s wavefunction. With the implementation of the Slater determinant
and the HF operator, the N electron interaction problem is reduced to N single
electrons interacting in a potential VHF . Lastly, the HF approach introduces the
nature of the self-consistent field (SCF) approximation as a method for solving the
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HF equations. The overall concept of this technique is to initially guess a set of
orbitals that are used to construct the HF potential, VHF . The potential is then used
to solve the HF equations to gain a new set of orbitals, which again construct a new
HF potential. This iterative approach is continued until a point where the output
orbitals match (at least to within a certain precision) the input orbitals, and thus
self-consistency is achieved. The SCF method is at the core of Density Functional
Theory, which is introduced in the following sections.

2.3
2.3.1

Density Functional Theory
Introduction

The methods introduced so far provide the mathematical framework to construct a
Hamiltonian from which the ground state wavefunction of a chemical system can be
determined. With the ground state wavefunction one can obtain all the ground state
properties of the system. In practice, using the N electron wavefunction, consisting
of 3N spatial plus N spin coordinates, to solve the Schrödinger equation is highly
complex task and even the simplified techniques of Hartree and Fock are limited to
small molecules. This has led to rethinking of the necessity of the wavefunction Ψ
as the principle variable in solving these equations, and the the following sections
introduce the use of the electron density ρ(~r) as an alternative to the N electron
wavefunction. As will be shown, the electron density can be used to uniquely construct
an external potential which, as discussed in the previous section, can be used to
self-consistently solve the Hartree-Fock equations; and this external potential will
correspond to a unique ground state energy. That is, each electron density yields its
own ground state energy. However, it will also be shown that there is no universal
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functional to compute the total energy from the electron density. The purpose of
DFT is to approximate a method that does.
The electron density is similar to the probability density first shown in Equation
2.7, and is defined by
Z

Z

ρ(~r) = N

...

|Ψ(~x1 , ~x2 , ..., ~xN )|2 d~r,

(2.16)

which is the probability of finding the ith electron out of a system of N electrons at
any point in volume d~r, where d~r contains all the volume elements d~x1 d~x2 ...d~xN . The
electron density holds the property
Z
ρ(~r)d~r = N,

(2.17)

that states upon integration over all the volume elements will result in the total
number of electrons N .
The most famous early example of using the electron density as a principle variable
in determining properties of a species dates back to Thomas and Fermi in 1927. 61 The
Thomas-Fermi model used solely the electron density to determine the total energy
of an atom by the equation
2
3
ET F [ρ(~r)] = (3π 2 ) 3
10

Z

5
3

ρ (~r)d~r − Z

Z

ρ(~r)
1
d~r +
r
2

Z Z

ρ(~r1 )ρ(~r2 )
d~r1 d~r2
r12

(2.18)

The first term represents the kinetic energy and is derived from a quantum statistical
treatment of electrons interacting in a uniform, delocalized electron gas. The second
and third terms are the nuclear-electron attraction and electron-electron repulsion
terms, respectively, and are treated by a classical description of interacting charged
particles. Clearly, this third term includes only Coulombic electron-electron repulsion
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and not electron exchange. Further improvements to the method by Dirac includes
an exchange term,
3
KD [ρ] = −
4

 1/3 Z
3
ρ4/3 (~r)d~r,
π

(2.19)

and its inclusion leads to what is referred to as the Thomas-Fermi-Dirac model. 62 The
importance of Equation 2.18 is not in its accuracy in defining the total energy, which
it is not accurate at all. 63 The importance is that it uses only the electron density to
do so. One of the major flaws arises from representing the kinetic energy by electrons
interacting in a uniform electron gas.

2.3.2

Hohenberg-Kohn Theorems

The next major cornerstone that used the electron density as the principle variable to
determine the properties of a system came almost 40 years after Thomas-Fermi model
when Hohenberg and Kohn published their two infamous theorems in 1964. 64 These
two theorems are central to density functional theory and established the theoretical
framework of modern day efforts that use the electron density to determine properties
of a system. Their first theorem justifies the use of the electron density to uniquely
construct the Hamiltonian operator. As it is stated in their original paper:
The external potential Vext (~r) is (to within a constant) a unique functional of ρ(~r); since, in turn Vext (~r) fixes Ĥ we see that the full many
particle ground state is a unique functional of ρ(~r).
0
Their proof showed that two different potentials Vext (~r) and Vext
(~r) cannot produce

the same electron density ρ(~r), which means that the true ground state density ρ(~r)
uniquely defines the external potential Vext (~r) (to within a constant). The key here is
that the electron density is now justified as a physically sound parameter in determining the external potential, which in a Hamiltonian operator for a chemical system,
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would be the electron-Nuclear potential. However, the Hamiltonian contains other
terms (electron kinetic energy and electron-electron repulsion), which Hohenberg and
Kohn proposed are, like Vext , also functionals of the electron density. That is,

FHK [ρ] = T [ρ] + Vee [ρ] = hΨ|T̂ + V̂ee |Ψi,

(2.20)

where FHK is a functional that when operates on the electron density, produces the
expectation value of the kinetic T̂ and electron-electron repulsion V̂ee operators in the
ground state wavefunction. This is followed by a second theorem, which essentially
is the variational principle applied to the Hohenberg-Kohn functional FHK [ρ], and as
it is written in their original paper, states:
A universal functional for the energy E[ρ] in terms of the density
ρ(~r) can be defined, valid for any external potential Vext (~r). For any
particular potential, the exact ground state energy of the system is the
global minimum value of this functional, and the density that minimizes
the functional is the exact ground state density ρ0 (~r).
The theorems by Hohenberg and Kohn states that the electron density is a physically
sound parameter that can be used in place of the wavefunction to initially construct
the Hamiltonian and arrive at the ground state total energy through the variational
principle. It is important to note however, that the theorems does not explain how
this can be done and how to construct the functional FHK . How to apply the theorems
by Hohenberg and Kohn was not known until a year later in 1965, when Kohn and
Sham suggested a method to construct a universal functional, 65 which can be used
to determine the ground state properties of a system.
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2.3.3

The Kohn-Sham Approach

Density functional theory, as it is known today, holds its practical origins in the
ansatz by Kohn and Sham that the exact calculation of many-body properties can,
in principle, be determined by independent particle methods. 65 The approach takes
the many-body, interacting-particle system, which is difficult to solve, and replaces it
with an auxiliary system of non-interacting particles. The auxiliary system is made of
single electron orbitals used to construct a Slater determinant, similar to how single
electron wavefunctions were used to construct a Slater determinant in the HartreeFock approach.
As stated earlier, one of the major problems with the Thomas-Fermi approach
was that it poorly represented the kinetic energy. This is particularly because the
electron density is represented by nothing more than a uniform electron gas, and
the kinetic contributions to the electron correlation are neglected. The Kohn-Sham
approach splits the kinetic energy into two terms: one where the exact kinetic energy
of non-interacting electrons is computed (the main contribution to the kinetic energy), and another where the electron correlation contribution to the kinetic energy
is approximated (a relatively small contribution to the kinetic energy). This noninteracting, auxiliary system is fictitious, but as it turns out provides a reasonably
accurate method to calculate the kinetic energy.
To actually represent this auxiliary system, a set of single electron orbitals, or
Kohn-Sham orbitals as they are commonly referred to, are used. These single electron
orbitals are used to construct the auxiliary electron density,

ρ=

N
elec
X
i=1
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|φi |2 ,

(2.21)

which is operated on by the kinetic energy operator

T [ρ] =

N
elec
X

1
hφi − ∇2 φi i
2
i=1

(2.22)

to give the exact kinetic energy of a system of non-interacting electrons. This is
the same kinetic energy operator used in the Hartree-Fock method, except here the
Laplace operator ∇2 operates on single electron Kohn-Sham orbitals φ(~r) rather than
single electron wavefunctions χi (~xi ).
The total energy within the Kohn-Sham approach becomes a functional of the
electron density ρ and is written as

EKS = T [ρ] + J[ρ] + EN e [ρ] + EXC [ρ],

(2.23)

where T[ρ] is the exact kinetic energy of the non-interacting system, and Coulomb
repulsion J[ρ] is
N

N

1 XX
J[ρ] =
2 i j

Z Z

|φi (~r1 )|2

1
|φj (~r2 )|2 d~r1 d~r2 ,
r12

(2.24)

and Coulomb Nuclear-electron attraction EN e [ρ] is
M
N Z X
X
ZA
EN e [ρ] =
|φi (~r1 )|2 d~r1 .
r
1A
i
A

(2.25)

The importance here is that, with the exception EXC [ρ], each of these terms has
an explicit functional form. And that the functional form is dependent on only the
electron density, which is the sum of the single electron orbitals (Equation 2.21). The
three terms J[ρ], EN e [ρ], and EXC [ρ] of the Kohn-Sham energy now make up a Vef f
potential felt by the single electrons, which with the kinetic energy operator, operates
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on the single electron orbitals as an eigenvalue problem:


1 2
− ∇ + Vef f (~r1 ) φi = i φi .
2

(2.26)

Now, solving the Kohn-Sham orbitals is done self-consistently, as in the Hartree-Fock
approximation, since solving the Kohn-Sham equations produces a new Vef f , which
in turn produces a new set of orbitals. The beauty of the Kohn-Sham approach is that
it turned a many-body problem into an independent-particle problem. It did this by
separating the exact kinetic energy for a system of non-interacting particles, and then
putting the remaining contribution to the kinetic energy (as well as contributions
to the potential energy) in the EXC term. This stated, the exchange-correlation
energy is the only remaining term in the Kohn-Sham energy (Equation 2.23) for
which there exists no explicit functional form. Much progress has been made to yield
an approximate form, but modern research efforts are still aimed at improving EXC .

2.3.4

Exchange-Correlation Functionals

Within the DFT framework, most major differences in results stem from the treatment of electron exchange and correlation. Each contribute as separate terms to the
exchange-correlation energy, and within DFT are calculated as a functional of the
electron density at all points in space. A popularly implemented treatment of EXC
is called the Local Density Approximation (LDA), which treats the local electron
density as a slowly varying function that is essentially a homogeneous electron gas.
Recall from the introduction to this section that the Dirac exchange (Equation 2.19)
was an extension to the Thomas-Fermi model and thus pertains to a uniform electron
gas. The LDA method derives its roots from the Dirac exchange, and is calculated by
this same equation. An extension of the LDA method applies for systems open-shell
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systems (systems containing unpaired electrons) and is referred to as the Local Spin
Density Approximation (LSDA). Similar to the Dirac exchange of Equation 2.19, the
LSDA exchange becomes

LSDA
EX
[ρα , ρβ ]

3
=−
4

 1/3 Z 

3
4/3
ρ4/3
(~
r
)
+
ρ
(~
r
)
d~r,
α
β
π

(2.27)

where the subscripts α and β denote the spin-up and spin-down electrons, respectively.
L[S]DA

Analytic expressions of the correlation contribution (EC

) have been proposed by

a number of groups, but will quickly become cumbersome if discussed here. The reader
is referred to some of the most widely used treatments, such as the one developed by
Vosko, Wilk, and Nusair in 1980 and referred to as the VWN potential. 66 Despite any
lengthy equations that could be written here, the L[S]DA approach is praised for its
simplicity and inexpensive computational cost, especially in comparison to an exact
calculation of electron exchange (e.g., Hartree exchange).
Improving the accuracy of the LDA method, the Generalized Gradient Approximation (GGA) formalism is introduced. The GGA method includes not only information
of the electron density ρ(~r) at a particular point in space, but also the gradient of
the electron density between two points ∇ρ(~r). The purpose is to account for the
realistic nature of the true electron density, which is not the homogeneous electron
gas the LDA method approximates it as. Perhaps the most commonly implemented
variation of the GGA method is that implemented by Perdew, Burke, and Ernzerhof
in 1996, 67 where the electron exchange energy is defined as a multiplicative factor of
the LDA exchange as
P BE
LDA
EX
= EX
F (x),
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(2.28)

where
F (x) = 1 + a −

a
,
1 + bx2

(2.29)

and
x=

|∇ρ|
.
ρ4/3

(2.30)

Again, for full details of the functional form, the reader is referred to the original
work of the developing authors. 67
One last important aspect of DFT is the manner in which it accounts for electron self-interaction. Recall that in the Hartree-Fock approximation, the Coulomb
term (Equation 2.14) allowed for electron self-interaction (i.e., when i = j), but that
mathematically this was corrected because the exchange term exactly equaled the
Coulomb term when i = j. In DFT, electron self-interaction is again allowed since
the two electron densities φi (~r1 ) and φj (~r2 ) used to compute the Coulomb repulsion
(Equation 2.24) can both be equal when i = j. However, now the exchange term,
which is part in the exchange-correlation functional, is computed entirely separate
from the Coulomb repulsion. So, while most exchange-correlation functionals partially account for the self-interaction, they are not 100% self-interaction free. As
will be discussed in Section 3.2, this drawback of DFT leads to some intrinsic errors,
especially for narrow d-band metal oxides such as TiO2 . 68

2.4

Computational Methodology

Within this PhD, all geometry optimizations and total energy calculations were performed within the GGA formalism as implemented by Perdew, Burke, and Ernzerhof. 67 The Kohn-Sham equations were solved using the commercial software Vienna
Ab-initio Simulation Package (VASP), 69 which uses a plane-wave basis set to expand
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the Kohn-Sham orbitals. Because it is unnecessary (and computationally expensive)
to explicitly solve the Kohn-Sham equations for core electrons that are chemically
inert, core-potentials were employed. While in localized basis sets (e.g., Gaussian
type orbitals) the use of core potentials it strictly related to a computational expense
advantage; however, it is necessary to use them with plane-wave basis sets, because
the high density of nodal features at the atomic core would require an infinitely large
basis set. In this PhD, the core potentials are treated by the projector-augmented
wave (PAW) method. 70,71 With the core electrons accounted for in the PAW potential, the valence states of Ti, O, and Pd are then described by [Ar] 3p6 3d3 4s1 , [He]
2s2 2p4 , and [Kr] 5s1 4d9 electron configurations, respectively. Geometry optimizations
were performed using the conjugate-gradient algorithm, 72 and atomic positions were
only considered optimized when all cartesian force components were 0.01 eV/Å or
less. When the conjugate-gradient failed to reach the optimization threshold, the
optimizations were continued using a quasi-Newton algorithm. The actual algorithm
is called the residual minimization method and it is combined with a direct inversion
of the iterative subspace (RMM-DIIS) as proposed by Pulay. 73 With a good initial
guess at the atomic positions, the RMM-DIIS algorithm is said to efficiently relax the
atomic positions to their ground state. 74
Convergence tests must be performed to determine the completeness of the planewave basis set in representing the single electron Kohn-Sham orbitals. With planewave basis sets, the completeness is determine by the plane wave with the highest
kinetic energy (i.e., kinetic energy cut-off), and governs the inherent accuracy of
the total energy calculation. The computational expense increases drastically with
an increasingly large basis set, hence the goal is to balance the trade-off between
computational expense and inherent accuracy. By performing a series of single-point
calculations on the 1x1 unit cell of bulk TiO2 , the kinetic energy cut-off of 400 eV
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was found to provide convergent results. The reader is referred to a report by Hafner
for addtional details on the advantages and uses of a plane-wave basis set. 75
Similar to basis set completeness, an increase in mesh size used for Brillouin
zone sampling, at least in principle, provides more accurate results. To this end,
calculations of a mesh consisting of only the Γ point, as well as calculations using
a 2x2x1 Monkhorst Pack ~k-points mesh, were performed. The two mesh sizes were
found to give identical results (to within 0.01 eV). This stated, the Brillouin zone was
sampled at only the Γ point for all calculations.

2.4.1

Analyzing Cluster Support Interactions

For pure (un-oxidized) Pdn clusters, there are several energetic quantities of interest
to help quantify the interaction with the surface and any structural changes the
cluster undergoes upon adsorption. To analyze the amount of deformation both the
cluster and surface undergo upon adsorption, several single point calculations are
performed where the coordinates are kept in the positions obtained from the surface
optimizations. The energy difference between the ground state free cluster and ground
state supported cluster is the cluster deformation energy Edef (cluster), and will be
calculated by the following equation:

Edef (cluster) = E 0 (P dn ) − E(P dn ),

(2.31)

where E(P dn ) is the energy of the free cluster and E 0 (P dn ) is the energy of the cluster
in the adsorbed geometry. Likewise, the surface deformation energy Edef (surf ace)
will be evaluated by:

Edef (surf ace) = E 0 (T iO2 ) − E(T iO2 ),
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(2.32)

where E(T iO2 ) and E 0 (T iO2 ) are the energies of the pure surface and the surface
in cluster-adsorbed geometry, respectively. These deformation energies are associated with any structural change the cluster undergoes during adsorption, and will be
reported for all cluster sizes.
While deformation energies provide useful information on the structural changes,
the cluster binding energy will provide useful information that will lead directly to
catalytically-relevant information. The binding energy of the Pd cluster to the surface,
Eb,surf is given by:

Eb,surf = E(P dn ) + E(surf ) − E(P dn /surf ),

(2.33)

where E(P dn ), E(surf ), E(P dn /surf ) are the energies of the isolated Pd cluster, the
pure surface, and the lowest energy Pd structure adsorbed on the surface, respectively.
Likewise, the oxygen binding energy is given by,

Eb,ads = E(ads) + E(P dn /surf ) − E(ads/P dn /surf ),

(2.34)

which will be used to calculate the binding energetics of O or O2 . Here, Eb,ads is the
binding energy of the adsorbate molecule (O or O2 ).

2.4.2

Bader Charge Analysis

A Bader charge analysis were performed to analyze the charge state of all atomic
sites. 76 The analysis is performed on the converged electron density calculated within
DFT. The charge state is calculated before and after clusters are adsorbed to have a
reference for comparison. The same applies to before and after oxygen is adsorbed
on the Pdn cluster. By determining the surfaces which divide local maximum in the
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charge density, atomic sites can be defined. The charge density is then integrated
around the atomic site and assigned to the atom nearest to it.

2.4.3

Total and Projected Density of States

Electronic density of states (DOS) calculations will be performed to analyze the
electronic structure of the cluster and support. The DOS will be calculated selfconsistently as either the total (TDOS) or site-projected (PDOS). The electronic
states will be integrated between a given energy range, which will typically be several
electron-Volts above and below the calculated Fermi energy. For PDOS, the wavefunction character will be calculated at each of the atomic sites and projected onto
spherical harmonics within a given radius for that atomic type.

2.4.4

Nudged Elastic Band (NEB) Calculations

When appropriate, NEB calculations will be performed to determine transition states
and minimum energy reaction pathways for reactions and diffusion profiles. In this
calculation, the atomic positions corresponding to an initial and final state are specified, and a certain number of reaction steps (referred to as images) represent the
atomic structure at steps along the reaction pathway. The images are optimized
under the constraint that they are attracted to their neighboring images by a predetermined force that can be thought of as a mechanical spring. Each image, then,
is optimized to the lowest energy configuration while maintaining a connection between neighboring images. This determines the reaction pathway, or “band”, that
connects the initial and final states. An odd number of image is used, along with the
constraint that the energy of the center image is maximized in the direction of the
band, but minimized in other directions. This effectively leads to a saddle point in
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the potential energy surface, and the center image then corresponds to the transition
state geometry.
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3. The Bare TiO2(110) Surface and
Free Pdn Clusters
3.1

Introduction

Titanium dioxide is the most studied single-crystal oxide surface. This is due to its
variety of industrially relevant applications and its common use as a model system to
investigate many basic scientific properties. 26 The three most common crystal structures of TiO2 are rutile, anatase, and brookite. The rutile (110) surface is by far the
most commonly studied form of TiO2 due primarily to its high surface stability, making it a relatively easy surface to experimentally characterize. Further contributing
to its popularity, rutile is a wide band-gap semiconductor, an active photo-catalyst,
a template commonly used to investigate the surface chemistry of small adsorbant
molecules, and a model system ideal for studying metal overlayer growth. Specifically, the growth of metal overlayers has largely contributed to TiO2 surface science
research, and an extensive list of the systems that have been studied has previously
been reviewed. 26 The most prominent focus of this list has been on the characteristics
of growth morphology, the extent of epitaxy, and interfacial charge transfer (oxidation/reduction) reactions. Additionally, since certain transition metals supported on
TiO2 are found in the strong metal support interaction (SMSI) state upon high temperature reduction, many modern research efforts are aimed at characterizing the
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Figure 3.1: The 1x1 unit cell of bulk rutile TiO2 . Red spheres represent oxygen, white
spheres represent titanium.
source of this SMSI state and the effect on the supported metal that result from it.
This is of particular interest for supported catalysts, as the overall nature of the supported particle surface, including exposed active sites of a supported metal catalyst,
are likely affected.
A ball and stick drawing of the 1x1 unit cell of bulk rutile TiO2 is shown in Figure
3.1. Rutile has a tetragonal unit cell with D14
4h -P42 /mnm symmetry and lattice constants of a = b = 4.584 Å and c = 2.953 Å. The unit cell consists of two Ti and four O
atoms, and each Ti atom is surrounded by six oxygen atoms in a distorted octahedral
configuration. The sixfold coordination number of Ti arises from four “short” Ti-O
bonds and two “long” Ti-O bonds, which have been experimentally determined to
be 1.944 and 1.988 Å, respectively. 77 Local charge transfer between Ti and O sites
results in formal charge states of +4 and -2, respectively. Charge-charge repulsion
between O atoms is said to be the source of elongation in the longer of the two Ti-O
bonds and is what gives rise to the distorted nature of the octahedral symmetry. 78
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Like most metal oxides, bonding within TiO2 is partially ionic and partially covalent.

3.2

Theoretical Description

In this section, a discussion of the strengths and shortcomings in describing the atomic
and electronic structure of rutile by DFT is presented. As described in Chapter 2,
the Kohn-Sham equations were solved within the generalized gradient approximation
(GGA) formalism. Within this formalism, the lattice constants were calculated to be
a = 4.64 Å and c = 2.99 Å; and the short and long Ti-O bonds were calculated to
be 1.97 and 2.00 Å, respectively. The ground state lattice constant was determined
variationally by performing a series of single-point calculations of the 1x1 unit cell
across a range of lattice constant values. The value with the lowest total energy corresponds to the ground state lattice constant. With the lattice constant established,
the atomic positions are then relaxed within a unit cell of fixed dimensions to determine the optimized Ti-O bond lengths. In comparison to the experimental values
reported above, GGA predicts lattice constants and characteristic bond lengths in
good agreement with the known experimental values.
While the atomic structure is predicted with good accuracy, one disadvantage
of treating the exchange-correlation potentials within the GGA formalism is that it
notoriously underestimates the TiO2 band gap. 79,80 This error is implicit in many
density functionals as it pertains to the electron self-interaction that is present in
conventional DFT. This self-interaction results is an overestimated Coulomb repulsion between electrons, and thus an increased delocalization. This is particularly
problematic for narrow d-band metal oxides, where d-orbital electrons typically form
a localized set of states. The delocalization directly translates to DFT predicting
a more metallic-like behavior for such systems. For bulk rutile, the result of this
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artifact is a GGA-calculated band gap of about 1.9 eV, about 37% less than the experimental value of 3.0 eV. 81 Two approximation methods that attempt to correct this
self-interaction have been proposed: hybrid functionals 82–84 and the DFT+U approximation. 85–87 Hybrid functionals correct the error by mixing a pre-determined amount
of Hartree-Fock exact-exchange with the DFT exchange. 88 By including some of the
exact exchange, a solution resembling the Hartree-Fock approximation is approached,
where self-interaction is entirely removed (Section 2.2.3). The improvements in quality come at an extremely high computational cost as the calculation of exact exchange
is extremely expensive. Further, the method requires parameterization based on empirical data (e.g., experimental TiO2 band gap) to determine the amount of mixing
between exact and DFT exchange. Thus, the method is no longer ab initio, and
loses the feature of transferability. Loss of transferability means that the parameters
used to exactly reproduce the band gap in a bulk TiO2 calculation may not be transferrable to a calculation when Pdn clusters are supported on TiO2 . Clearly, this is an
undesirable feature.
The second option to correct for self-interaction is the DFT+U approximation,
which can be applied in either the LDA or GGA formalism by adding a Hubbard
U term to the Hamiltonian to artificially increase electron correlation. This method
prevents artificial delocalization of electrons by energetically penalizing the occupation of a delocalized solution. The calculated effect on the electronic structure is seen
as a shift of unoccupied states to higher energy and thus an increase in the calculated band gap. The calculated total and projected density of states (DOS) for the
1x1 unit cell of rutile are shown in Figure 3.2 for different values of the Hubbard U
parameter. The valence band below the Fermi level (EF =0 eV) is primarily composed of O states, and the conduction band above EF is primarily composed of Ti
states. The DOS plot clearly reflects the ionic nature of TiO2 as such an electronic
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Figure 3.2: Total and projected density of states (DOS) plots for the 1x1 rutile unit
cell. Blue lines represent the states projected onto Ti atoms, and the green lines
represent the states projected on the O atoms. The Fermi level has been shifted
to E=0. The atomic positions were optimized for each Hubbard U value, and a
converged 8x8x12 ~k-points mesh in the Monkhorst-Pack scheme was used to sample
to the Brillouin zone.
structure is due to charge transfer from Ti to O. Also, the hybridization between Ti
and O states in the valence band is indicative of the partial covalent nature. As the
Hubbard U parameter is increased from 0 to 10 eV, there is clearly a widening of
the band gap (Figure 3.2). Although at a value of U=10 eV the DFT+U approach
correctly matches the experimental band gap, the method has its own set of drawbacks that become more exaggerated with an increasing U value. First, there is no
universal recipe to constructing a Hubbard U Hamiltonian, so like hybrid functionals
the method is no longer ab-initio. This method requires knowledge of the electronic
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bandstructure in order to construct a Hubbard U Hamiltonian as the choice in the U
value is parameterized by empirical data. Additionally, the computational expense
during geometry optimizations increases as the Hubbard U is known to introduce
multiple local minima in the potential energy surface to which the system can easily
become trapped. 89–93
2.02
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Figure 3.3: Optimized Ti-O bond lengths (left) and lattice constants (right) in Å from
DFT+U calculations. Dashed horizontal lines indicate the experimental values, such
as those shown in Figure 3.1.
Lastly, the improvement in calculation of the band gap comes at the expense
of a less accurate description of the atomic structure. Figure 3.3 shows the effect
of Hubbard U on the two characteristic Ti-O bond lengths and lattice constants.
Geometry optimizations for the 1x1 rutile unit cell were performed at each Hubbard
U value. The dashed horizontal lines show the experimental values for each of the four
lengths. Clearly, an increasing Hubbard U value directly leads to a larger deviation
from the experimental bond lengths. It is important to note that these deviations
are substantially worsened in large surface supercell calculations where the atoms are
not confined to the small dimensions of the 1x1 unit cell.
Hybrid functionals are not used in this study as the primary interest is the be37

havior of supported Pdn clusters. Previous and recent studied have indicated that
the gradient corrected functionals lead to electronic and magnetic properties of metal
clusters that are in good agreement with observed behaviors. 28,31,34,35,94,95 As for the
Hubbard U approach, there is clearly a tradeoff between an accurate description of
the electronic band gap and the shortcomings of the method as described above. All
results presented within the chapters of this PhD have been determined without a
Hubbard U term. To examine if the band gap of TiO2 would affect any calculated
properties of Pdn clusters, supplemental calculations were performed with the inclusion of U. The reader is referred to the Appendix for details. As shown in the
Appendix, the inclusion of Hubbard U leads to no major differences in the results.

3.3

Periodic Slab Model

To simulate the rutile TiO2 (110) surface, a periodic slab with a thickness of four
TiO2 trilayers (12 atomic layers) was placed in a periodic supercell. This slab thickness has previously been shown to provide converged atomic adsorption energies, 96
and has been adopted as the standard model used in almost all recent TiO2 -supported
cluster calculations. 34,97,98 The slab is shown in Figure 3.4. The surface consists of
two types of Ti and two types of O atoms, which are labeled by their atomic symbol
and coordination number (i.e., Ti5c and Ti6c for the fivefold and sixfold coordinated
Ti atoms, respectively, and O2c and O3c for the twofold and threefold coordinated O
atoms, respectively). The top layer is characterized by a “surface channel” formed
by the bridging O2c atoms that extend the furthest out of the (110) direction. The
Ti5c atoms form the center of the surface channel.
Because in this study the TiO2 surface is used as a support for supported cluster
calculations, a large surface must be used to ensure no lateral interaction between
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Figure 3.4: Ball and stick renderings of the slab model used to represent the rutile
TiO2 (110) surface. For clarity, only the top trilayer is shown in (b). The four types
of surface atoms are labeled by their atomic symbol and coordination number.
periodic images of supported species. A 4x2 surface supercell was chosen, which
consists of four unit cells in the [001] and two in the [11̄0] direction. This results in a
supercell with lengths of 13.1 x 11.9 Å, and is the default size used in all calculations
within this PhD unless stated otherwise. The slab was separated by a vacuum layer
equivalent to six trilayers (∼18 Å) in the [110] direction. The large vacuum layer
ensures no “vertical” interaction between periodic images, particularly accounting for
the additional height added by the Pd cluster. During all geometry optimizations, the
top two trilayers were allowed to fully relax, while keeping the bottom two trilayers
frozen in the calculated bulk coordinates. This is referred to as a 4(2) scheme in the
literature as a total of four trilayers are used, two of which are held fixed. Within
this scheme, both the surface and bulk properties of the TiO2 support are effectively
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Figure 3.5: A comparison between the experimentally and previously reported theoretical bond lengths and the lengths calculated in this work. Experimental and
theoretical values are those published by Lindsay et al. 100 and Thompson et al., 96
respectively.
accounted for. Accounting for the relaxation of surface atoms has previously been
shown to be necessary in predicting the adsorption site of even a single Pd atom. 99
Because the total energy is known to depend on the size of the supercell, all free
cluster calculations were performed in a supercell with identical dimensions to the
supercell used for the slab.
The optimized bond lengths for the TiO2 surface have been verified to be within
5% agreement of previously reported high resolution LEED-IV experiments 100 and
previously published theoretical 96 values. The ground state bond lengths, as determined by the periodic slab model described above, are reported in the table shown
in Figure 3.5(b). The bond labels correspond to those shown for in Figure 3.5(a) for
the four trilayer 1x1 surface.
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3.4

Free Pdn Clusters

The atomic, electronic, and magnetic properties of free Pdn clusters have been studied
both theoretically and experimentally by a number of groups. 3,9,59,101–104 This section
is intended as a brief review of those studies and the properties of free Pdn clusters as
determined within the methods used in this PhD. The calculated structures for Pdn
clusters are shown in Figure 3.6. All sizes, except for the Pd atom, have spin triplet

2

2.5

2.48

2.6
0

ground states, in agreement with previous studies. 9,59,102–104
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Figure 3.6: Ball and stick drawings of ground state free Pdn clusters. Bond lengths
are in angstroms.
For the Pd atom, the calculated energy difference between the singlet ground state
1

S(5s0 4d10 ) and triplet excited state 3 D(5s1 4d9 ) is 0.90 eV, in good agreement with

the experimental value of 0.82 eV. 105 For all other sizes, hybridization between s- and
d- orbitals occurs and gives rise to two phenomenon. The first is a splitting of the
d- orbital electronic states, which depletes otherwise fully occupied d- shell and gives
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rise to the non-zero magnetic moments. The second is the compact structures as
shown in Figure 3.6. The electronic states for the Pdn clusters are shown in Figures
3.7 through 3.9. At all sizes, hybridization between s- and d- orbitals is clear, and
the contribution by the p- states is rather small. With an increase in cluster size
and the presence of more d- states, hybridization increases and shifts the s- states
to higher binding energies. On the DOS, this is seen as the s- states pushed deeper
below the Fermi energy with increasing size. Approaching the bulk limit, the s- and dorbital hybridization will lead to a free electron-like s- band and a [relatively] narrow
d-band. 106,107 The finite dimensions of clusters spatially confine electrons, forming
discrete states rather than the electronic bands. While adding Pd atoms to a cluster
does introduce more electronic states, the deepening of the s- states occurs to all of
the sizes. This is seen in the DOS plots by comparing Pd2 (Figure 3.7(a)), where a
peak in occupied s- states lies between -0.5 eV and the Fermi level, to Pd7 (Figure
3.9(b)), where more s- states are present, but all are shifted to -1 eV and below.
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Figure 3.7: Density of states (DOS) plots for free Pd2 and Pd3 clusters. The top
panel is the total DOS and the bottom panels are angular momentum decomposed
DOS. The dashed, vertical line denotes the Fermi energy.
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4. The Effect of Oxidation on the
Pd4 Cluster Geometry
4.1

Introduction

One of the important findings in the numerous experimental and theoretical studies
on the catalysis of free and supported clusters is that, for small clusters, the activity
can change with size and that the activity of free clusters can be radically different
from those of the supported species. These variations are partially rooted in the fact
that the support can alter the geometrical structure of the cluster. Since the electronic structure is intimately linked to the geometry, the changed geometry can alter
the reactivity. Further, the support can even enhance the activity by modulating
the electronic structure through cluster support interactions. These effects are complemented by the fact that most oxidation reactions proceed via initially adsorbing
oxygen, and that this adsorbed oxygen draws electronic charge from the supported
species. The charging as well as the nature of metal oxygen bond can also affect
the shape and electronic structure of the cluster. Consequently, understanding the
role of support and oxidation on the electronic and geometric structure is vital to
understanding the catalytic process and in designing effective catalysts. To gain an
understanding into the roles and effects that the support and oxygen play, a comprehensive study is presented on the oxidation properties of a Pd4 cluster supported on
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the rutile TiO2 (110) surface.
One of the primary intents of this chapter is to introduce the strong tendency
for oxygen to draw charge and the effect this has on the TiO2 -supported Pd4 cluster. Additionally, as the adsorption of any species can lead to a deformation to the
local surface structure to which it adsorbs, the nature of Pd4 /TiO2 interactions is
discussed with an emphasis on the nature of adsorbate induced reconstructions. As
will be shown in this chapter, the Pd4 cluster has an energetic preference to undergo a
structural change upon adsorption, and this change modifies the nature of the clustersupport interaction. The importance of all these effects will be referred back to in
chapters to follow. The overall theme of this chapter is to answer three questions:
(1) What is the ground state structure of unoxidized, supported Pd4 and are there
competing geometries that could affect the observed behavior at finite temperatures?
(2) What is the nature of cluster support interactions and do the Pd atoms primarily
interact with the lattice O or the Ti sites? (3) How does the atomic structure change
as successive O atoms are added to the cluster and what electronic features control
the change? The answer to these questions is critical to a microscopic understanding
of the catalytic phenomenon as these processes involve the addition and removal of O
atoms. The emphasis on Pd4 is twofold. First, studies on free clusters that indicate
that Pd4 is a highly stable species with a tetrahedral structure. 59 Second, the nature
of the cluster-support interactions (e.g., cluster-induced surface deformations, the nature of charge transfer, trends in cluster binding energies, etc...) should be introduced
in detail before continuing to the following chapters, and as will be shown, the Pd4
cluster is the ideal template for such introduction. Ultimately, understanding the
microscopic mechanism that results in structural changes for such a stable species is
an important problem.
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4.2

Electronic Structure Controls Reactivity

In a recent work, Kaden et al. investigated the CO oxidation by O2 by Pdn clusters
containing between 2-25 atoms supported on the rutile TiO2 (110) surface. 56 The experiments were performed within ultra high vacuum conditions (10−10 Torr), and the
objective was to correlate changes in the electronic structure of supported Pdn clusters with the catalytic production of CO2 . In these experiments, Pdn cluster cations
are mass selected and then deposited on rutile TiO2 (110) via soft-landing deposition.
This technique allows for the ultimate control of cluster size distribution, and the
details of the technique can be found in a recent review by Popok et al. 108 Upon deposition, the clusters are exposed to O2 followed by CO, and the catalytic oxidation
of CO was carried out. The experiments were performed as temperature programmed
reactions (TPR) to determine the activity as a function of increasing temperature.
The catalytic activity of a cluster was determined by measuring the amount of CO2
produced per TPR. To relate the cluster activity to the electronic features of the
cluster, Kaden et al. probed the 3d core-level states of the Pdn clusters through x-ray
photoemission spectroscopy (XPS). Their results showed that the catalytic activity
could be directly correlated with changes in the Pd 3d binding energy. In particular,
clusters where the 3d level was higher than the value corresponding to a simple scaling
with size, showed enhanced activity. The correlation between variations in the shift
in Pd 3d binding energy and the concentration of CO2 can be seen in Figure 4.1(a),
taken from Kaden et al. 56 .
The UHV experiments by the Anderson group also implemented Ion Scattering
Spectroscopy (ISS) to probe the morphology of clusters mass-selected and deposited
on the TiO2 surface. Their technique is rooted on the premise that it is possible
to determine the relative ratios of exposed surface atoms by measuring the kinetic
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(a) XPS Data and CO2 concentrations

(b) Ion scattering spectroscopy results

Figure 4.1: Figure (a) shows Xray photoelectron spectroscopy (XPS) data plotted
with the amount of CO2 produced at each cluster size. Figure (b) shows results from
the ISS experiments from the UHV deposited cluster experiments by the Anderson
group. A typical ISS spectra is shown in the inset. Such a spectra was taken at each
cluster size and used to plot the data in the main portion of the figure, which shows
the ratio of Pd sites to Ti+O sites.
energy of an impinging noble gas ion (e.g., He+ ions) scattered from the Pd/TiO2
surface. Because a collision suffered by the incident He+ ion on a Pd vs. a Ti vs. an
O site will each result in a scattered He+ ion with different outgoing kinetic energy,
the relative ratios of the He+ ions with the three different kinetic energies is related
to the concentration of each exposed surface species. Their results suggested that the
clusters containing up to 10 Pd atoms are forming single layer structures and that a
second layer develops as more Pd atoms are added. The planar structure for smaller
species seems puzzling as the ground state atomic configuration of free (gas phase)
Pdn clusters are all compact structures. Additionally, Pdn clusters continue to have
compact structures while supported on alumina surface as indicated by recent studies
within the Khanna group. 59
A typical ISS spectra is shown in the inset of Figure 4.1(b). The ratio of exposed
Pd to exposed Ti+O sites plotted as a function of size to determine changes in the
cluster morphology. As seen in Figure 4.1(b), there is a decrease in the amount of
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Pd sites exposed beginning at 10 atoms. At this size, the Pd:(Ti+O) ratio decreases
linearly with increasing cluster size and has been interpreted by Kaden et al. as the
formation of a second layer of Pd atoms. 56
All this suggested that there are strong interactions between the palladium clusters
and the TiO2 (110) surface that lead to the single layer structures observed in the UHV
experiments. This conclusion is also supported by the earlier studies that observed
Pd particles on TiO2 in the SMSI state. 44,46,48 A microscopic understanding of the
atomic and electronic structure of the deposited clusters is needed to understand these
findings.

4.3

Theoretical Results

Geometry optimizations and total energy calculations have been performed within
this PhD to determine the possibility of a three-dimensional Pd4 cluster. The ground
state structure was determined by starting from various initial configurations of the
Pd4 at various locations on the TiO2 slab, and optimizing the geometry by moving
atoms in the direction that would minimize the forces on the atoms. As palladium
clusters are known to possess finite spin magnetic moments, 9,103 the ground state
search also included investigation of various spin multiplicities. For determination
of the ground state atomic configuration, the geometry with the lowest total energy
is designated as the most stable. Higher energy isomers, which may co-exist with
the ground state at finite temperatures, are also reported alongside the total energy
relative to the ground state.
The results indicate a tetrahedral ground state for the adsorbed Pd4 cluster as
seen in Figure 4.2. The structure (including bond lengths) is nearly unchanged from
the calculated free cluster geometry. The Pd4 cluster sits in the surface channel made
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Figure 4.2: Ground state and higher energy isomer ball and stick drawings of the Pd4
cluster on TiO2 . The positive and negative numbers in the top portion of the figure
indicate the Bader charge on the Pd and O atoms, while the negative number below
the surface indicates the Bader charge on the entire TiO2 slab. The numbers on the
bottom portion of the figure are bond lengths. Coloring scheme: Silver (Pd), Blue
(Ti), and Red (O).
by the bridging O2c atoms that protrude out of the TiO2 (110) surface. Three Pd
atoms are directly coordinated to the surface, and the base of the tetrahedral cluster
is centered over a Ti5c atom. The surface undergoes a relaxation in which several
surface atoms are displaced from their initial positions. For example, by comparison
with the unreconstructed surface, the Ti5c atom protrudes out of the [110] plane
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by a distance of 0.35 Å and shifts 0.11 Å in the [11̄0] direction, centering directly
beneath the base of the Pd4 tetrahedral. The bridging O2c atom nearest to the Pd4
cluster, depicted with a drawn bond in Figure 4.2(a), is tilted towards the channel
by 0.11 Å from its initial position. This leaves a Pd-O bond length of 2.15 Å on
this side of the cluster, while the two Pd atoms on the other side of the cluster
are each about 2.90 Å away from the O2c atoms nearest to them. As the surface
undergoes substantial relaxation, the energy required for the surface deformation was
also calculated. This was done by comparing the total energy of the bare surface
frozen in the atomic positions when the cluster is supported to the total energy of the
relaxed, bare surface (see Equation 2.32 from Section 2.4.1). The calculated surface
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Pd d-states. This indicates that the cluster maintains its free cluster geometry and
spin configuration when deposited on TiO2 (110).
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structure can be considered as an isomer that co-exists with the tetrahedral structure.
This pseudo-planar geometry also sits inside the surface channel; however, this isomer
sits over two protruding Ti atoms. The cluster is partially flattened out on the surface
in comparison to the tetrahedral ground state. This effectively leads to shorter bond
lengths of around 2.23 Å between three of the Pd and neighboring O2c atom pairs.
The higher coordination between Pd atoms and surface atoms leads to the quenching
of the magnetic moment of the cluster. The small energy difference between pseudoplanar and compact structure is quite striking for two reasons. First, the calculations
on a free Pd4 cluster show that a planar structure is almost 0.85 eV less stable than
the compact structure, as shown in Figure 4.3(b). Second, the Pd4 cluster maintains
its compact structure when deposited on an alumina surface. 59 What features then
stabilize the planar structure in the present case? What role does the planar structure
play in oxidation reactions?
These questions were answered by investigating the effect of adding an O atom
to the cluster. The focus on Pd4 clusters with only a single O atom stems from the
understanding that O-O bonds from adsorbed O2 are expected to be activated (if not
completely dissociated) at the Pd surface during oxidation. Adsorption of molecular
oxygen at the Pd(111) surface occurs dissociatively and without an activation barrier. 109 The result is two atomically adsorbed O atoms at threefold hollow sites on
the palladium surface. 109 Additionally, if an oxidation reaction is to take place (e.g.,
oxidation of carbon monoxide), one of the two O atoms will be removed leaving a
single O atom on the cluster surface. Thus, Pd4 O clusters are likely to be stabilized
under typical reaction conditions. To determine the ground state structure, geometry
optimizations for 13 different conformations of an O atom and supported Pd4 cluster
were performed. The optimum binding site was found by relaxing the O atom, the
Pd4 cluster, and the top two trilayers of the support for all initial binding sites and
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Figure 4.4: Ground state and higher energy isomer ball and stick drawings of the
Pd4 O cluster on TiO2 .
then comparing the total energies. Initial geometries included O adsorption sites both
on and off the Pd4 cluster, and O adsorption on the Pd4 cluster was always found
to be more stable. In the free Pd4 cluster, an O atom occupies a twofold bridging
site leaving the structure compact. For the supported cluster, the studies indicate
a planar ground state structure with the O atom occupying a threefold hollow site,
shown in Figure 4.4(a). The adsorbed O atom is bonded to three Pd atoms with
an average Pd-O bond length of 2.01 Å. Previous work by Todorova et al. indicates
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that this is also the case for the Pd(111) surface, where the O atom from a dissociated O2 molecule sits at a threefold hollow site with an average Pd-O bond length
of 1.99 Å. 109 As seen in Figure 4.4(a), the Pd4 cluster sits in the surface channel
centered over two protruding Ti surface atoms. In comparison to the tetrahedral Pd4
structure, the bond lengths between Pd atoms and the bridging O2c atoms of the
surface are shortened. That is, each of the four Pd atoms is coordinated to a single
bridging oxygen atom, which is canted towards the center of the channel and thus the
Pd4 cluster. The calculated surface deformation energy of 2.18 eV indicates a much
stronger surface deformation by the Pd4 O cluster compared to Pd4 . In the ground
state of the supported Pd4 O structure, the adsorbed O is bound to three Pd atoms
with an average Pd-O bond length of 2.01 Å. Does the planar structure survive as
more O atoms are added?
To determine the possibility of another structural change, an additional O atom
was added to the cluster. Geometry optimizations were performed using the same
methodology as mentioned above for the single O atom, but by sampling 23 different
conformations of two O atoms and a Pd4 cluster. Conformations where one or both
O atoms were adsorbed off the Pd4 cluster were also sampled, and the results indicate
a preference for at least one O atom to remain bound exclusively to the Pd4 cluster.
It should be noted here, that two supported Pd4 O2 structures will be discussed. Both
structures represent local minima in the potential energy surface, but one is 0.60 eV
higher in energy than the ground state. The higher energy (less stable) structure
is the lowest energy configuration in which both O atoms remain bound exclusively
to the Pd4 cluster, while in the other case one of the two O atoms spills over onto
the TiO2 surface. The latter is the calculated absolute ground state geometry, but
the possibility of a high potential energy barrier for oxygen spillover requires both
structures to be considered in detail. In the ground state structure, the Pd4 motif
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remains planar and adsorbs a single O atom at a threefold hollow site, as in the
case of the supported Pd4 O cluster; however, the second O atom spills over to the
neighboring, bare Ti5c atom and binds with a Ti-O bond length of 1.72 Å and a
Pd-O bond length of 2.18 Å. The structure is depicted in Figure 4.5(a). This Ti5c
atom is displaced out of the surface by 0.81 Å. The resulting surface deformation
energy is 3.56 eV. The case where both O atoms remain bound to the Pd4 cluster is
shown in Figure 4.5(b), where the Pd4 cluster possesses a pseudo-planar geometry.
One of the O atoms is bound to three Pd sites while the other occupies a twofold
bridge site. In this case, there is very little surface deformation that takes place to
the TiO2 support. The calculated surface deformation energy is 0.92 eV, the smallest
deformation energy amongst the cases considered here. Since the ground state Pd4
structure changes with a varying degree of oxidation, one of the central issues is what
controls the geometry and the associated electronic structure changes.

4.4

Strong Metal Support Interactions: Pd-O or
Pd-Ti?

The purpose of this section is to explain the effect of oxidation on the Pd4 cluster
and characterize the interactions between the Pd4 cluster and the TiO2 surface. As
will be shown, these two are interconnected due to the effects of oxidation on the
clusters atomic configuration and thus manner it interacts with the support. One of
the primary results of this section pertains to the “strong metal support interaction”
(SMSI) state and gives a molecular insight to the chemical and physical interactions
that occur between palladium particles and a titania support. With that stated, the
content of this section is first introduced by stating the experimental consensus on
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Figure 4.5: Ground state and higher energy isomer ball and stick drawings of the
Pd4 O2 cluster on TiO2 . The spilled O atom is highlighted in the ground state “oxygen
spillover” geometry.
the SMSI state followed by a discussion of the results reported in the previous section
(Section 4.3).

4.4.1

Experimental Consensus

The first experimental evidence of the strong metal support interaction (SMSI) state
was reported by Tauster in 1978. 41 The effect was reported to occur “when some
transition metals, supported on a reducible oxide, are heated in a reducing atmo56

sphere.” The actual observation was a reduction in the supported transition metal’s
“sorption” (adsorption or absorption) strength of CO, O2 , and H2 . Why the reduction is “sorption” strength occurs is still a matter up for debate, however the most
prominent explanations are the following:
1. Strong electronic interactions between metal particle and support
2. Alloy formation between supported metal particle and diffusive metal ions from
the metal-oxide support
3. Encapsulation of the supported metal particle by diffusive metal ions from the
support
Any of these could affect the sorption strength of the supported metal, yet experimental evidence claiming alloy formation 40,43,44,46,110 and metal encapsulation 47,111,112
have led to two popular schools of thought and are considered to be the most likely.
Most of the SMSI literature is experimental, particularly with Pd or Pt particles supported on TiO2 , and an atomistic-level depiction of the nature of interactions between
cluster and support is difficult. Specifically, whether supported Pd particles are interacting with Ti or O sites remains a matter of uncertainty. 32,33,99,113 The following
sections are intended to provide a theoretical insight to the atomic-level nature of
these interactions.

4.4.2

Theoretical: Supported Clusters

To examine the nature of bonding and the origin of cluster and surface deformations,
a detailed analysis was performed on the charge transfer, binding energies, and electronic structure of the clusters and substrate. For the sake of clarity, the Pd4 , Pd4 O,
and pseudo-planar Pd4 O2 results are discussed first, while the Pd4 O2 structure where
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one oxygen spills over is discussed separately. First, the compact and pseudo-planar
configurations of a Pd4 cluster are discussed. For a free Pd4 cluster, a planar structure
is almost 0.85 eV higher than the compact geometry as shown in Figure 4.3. In bonding to the surface, however, only the Pd atoms forming the base of the tetrahedral are
bound to the surface O sites. On the other hand, the pseudo-planar structure allows
more coordination between Pd and the surface sites. This stabilizes the planar form
making it only 0.10 eV higher than the compact ground state. An analysis of the
electronic charge redistribution upon adsorption was carried out by a Bader charge
analysis described in Section 2.4.2. Figure 4.2 shows the charges at various atomic
sites with the number below the figure indicating the net charge on the TiO2 surface
(positive numbers indicate charge depletion while negative numbers indicate charge
accumulation). Figure 4.2(a) and (b) show that while the compact Pd4 transfers
0.48 e− to the surface, the pseudo-planar cluster transfers 0.57 e− .
The planar form is really stabilized via the addition of an O atom. In fact,
the cluster reconstructions are driven by the accumulation of charge by adsorbed
oxygen. In the case of Pd4 O, by adsorbing at a threefold hollow site the O atom
maximizes wavefunction overlap and accumulates a Bader charge of 0.82 e− (Figure
4.4(a)). This is the maximum amount of charge gained by the adsorbed O atom
compared to all other sampled Pd4 O geometries. In free clusters, the ground state
Pd4 O is a tetrahedral Pd4 with O bound at a twofold bridging site. Such a structure
for the deposited cluster is 0.41 eV higher in energy and allows only 0.76 e− to
be accumulated by the O atom (Figure 4.4(b)). In general, the results indicate
that charge accumulation is maximized with a maximum number of Pd-O bonds
and directly leads to the ground state structure, despite a substantial rearrangement
of Pd atoms from their free cluster geometry. The same trend for pseudo-planar
Pd4 O2 species is observed. Here, one of the O atoms accumulates 0.86 e− of charge
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at a threefold hollow site, while at the opposite side of the cluster the second O
atom accumulates 0.80 e− at a twofold bridging site. The stability of this particular
structure can be described by the following two mechanisms. First, of all the cases
where both O atoms are bound to the Pd4 cluster, the pseudo-planar Pd4 O2 results in
the maximum charge accumulation by oxygen. Second, the electron accumulation by
the O atoms effectively creates two point charges interacting via a Coulomb potential.
By adsorbing at opposite sides of the cluster with a mediating Pd site, these point
charges are separated by 3.79 Å, and the Coulombic repulsion is minimized. Further,
the Pd-O bonds stabilize the structure through polar, covalent interactions. This OO separation is believed to play an important role in minimizing the total energy of
the system and is the mechanism that unfolds the Pd4 structure into a pseudo-planar
geometry.
It is well known that the metal-O bond strength plays an important role in the
catalytic oxidation of CO. 36 To this end, the binding energy of the O atom to the Pd
cluster was calculated by taking the difference between the total energy of the ground
state oxidized cluster and the sum of total energies of the unoxidized cluster and free
oxygen atom. The results indicate that in the case of Pd4 O, the O atom binds with
an energy of 4.98 eV. For pseudo-planar Pd4 O2 , the second O atom binds with an
energy of 4.33 eV. In the latter case, the reduced oxygen binding energy is due to the
competition of charge accumulation of the two O atoms, effectively weakening each
Pd-O bond. In this respect, it may be interesting to examine if this binding can be
further weakened by additional O2 molecules.
Cluster support interactions play an important role in catalysis and this interaction is analyzed next. To estimate the strength of bonding, a comparison between the
total energy of the deposited species and the total energies of the free Pd4 Ox motifs
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and the free TiO2 surface are determined by the following equation:

B.E.(P d4 Ox /T iO2 ) = E(P d4 Ox ) + E(T iO2 ) − E(P d4 Ox /T iO2 ),

(4.1)

where (x=0,1,2), and the Pd4 Ox cluster is considered to bind as a single motif. The
results are reported in Table 4.1. There is a clear correlation between the number of
Pd atoms directly coordinated to the surface and the binding energy, where a rough
binding energy of 0.8 eV per directly coordinated Pd atom is observed. That is, for
Pd4 where three atoms directly coordinate to the surface, the cluster binds with an
energy of 2.40 eV, while Pd4 O coordinates with four Pd atoms and binds with 3.21 eV.
The pseudo-planar Pd4 O2 structure represents an intermediate case where between
three and four atoms are directly coordinated to the surface, yielding a binding energy
of 3.03 eV. This correlation of binding energy and number of directly coordinated Pd
atoms agrees with results previously shown for Pd6 and Pd13 clusters supported on
TiO2 as reported by Murugan et al. 35 and Pd12 supported on TiO2 as reported by
San-Miguel et al. 33
Pd4 Ox binding energy (eV)
Charge from Pd4 Ox to surface (e− )
Surface deformation energy (eV)

Pd4 Pd4 O Pd4 O2
2.40 3.21
3.03
0.48 0.64
0.56
1.27 2.18
0.92

Table 4.1: A comparison of the cluster binding energy (Equation 4.1), charge transferred from the cluster to the surface, and the surface deformation energy for Pd4 ,
Pd4 O, and pseudo-planar Pd4 O2 supported clusters.
To further probe the nature of interactions marking the Pd4 , adsorbed O, and the
surface sites the total density of states (DOS) and the projected density of electronic
states (PDOS) at various sites of the TiO2 and deposited cluster were examined.
Figure 4 shows the total and various local densities of states for Pd4 on TiO2 , where
the Fermi level has been set to E=0. The sharp peak of O states at about 1.3 eV below
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Figure 4.6: Total and projected density of states for Pd4 supported on TiO2 . Top
and bottom portions represent the spin up and spin down states, respectively. The
Fermi level has been shifted to E=0. The inset shows the states near EF .
the Fermi level originally makes up the top of the valence states for the TiO2 surface.
The insertion of Pd states between this peak and the bottom of the conduction states
reduces the gap. In Figure 5, the DOS for (a) Pd4 O and pseudo-planar (b) Pd4 O2
supported on TiO2 is shown. There is a clear mixing of Pd d-states with the states
of adsorbed O near the Fermi level, and an overall metallic character of the system.
As stated earlier, the deposited clusters induce deformations on the TiO2 surface.
Here, the deformation is shown to be rooted in the charge transfer between Pd and
Ti+O surface sites, and hence calls attention to the results of the Bader charge
analysis in Figures 4.2(a), 4.4(a), and 4.5(a). The results indicate that the more a
cluster coordinates to the surface, the more charge it transfers to the surface. For
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Figure 4.7: Total and projected density of states for (a) the Pd4 O and (b) the Pd4 O2
cluster supported on TiO2 .
all three cases, Pd atoms readily donate charge, which is transferred almost entirely
to the Ti and O atoms in the top trilayer of the surface. These atoms are resilient
to a change from their bare surface charge state. This is indicated by a change
in charge state of less than 0.06 e− for all atoms except the Ti5c atoms directly
beneath the Pd cluster. Effectively, the Pd cluster is donating a small amount of
charge to all of the neighboring bridging O2c and in-plane O3c atoms, resulting in
the accumulation of charge by Ti atoms as well. The amount of charge accumulated
by these Ti atoms governs the extent of Ti atom displacement and thus governs the
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surface deformation energy. That is, for Pd4 , Pd4 O, and pseudo-planar Pd4 O2 the
two Ti atoms beneath the Pd cluster accumulate a combined 0.15, 0.21, and 0.07 e− ,
respectively, and are displaced from their original position a combined distance of
0.42, 0.44, and 0.20 Å, respectively. By comparing the displacements for all atoms
before and after Pd cluster deposition, the protrusion of these Ti atoms accounts for
almost all of the surface deformation. The mechanism for surface reconstruction can
be understood when taking into account the partially ionic and partially covalent
nature of the Ti-O bonds. The Ti-O bonds are partially ionic, and the accumulation
of charge by Ti results in the weakening of this ionic bond between the Ti atoms and
nearest-neighbor O atoms. Supporting calculations of a free TiO2 cluster reinforce
this conclusion. The change in Ti-O bond length was monitored as charge was added
to the system. It was found that the Ti-O bond length increases by 3% upon the
addition of an electron to the TiO2 cluster.
Next, the microscopic mechanism of the strong metal support interaction (SMSI)
observed for some transition metals supported on reducible oxides is considered. 41
As indicated above, the Ti sites are displaced from their positions in the lattice by
the charge transfer from lattice O sites, which depends on the degree of coordination
between cluster species and support. In addition, there is minimal interaction between
the Pd and Ti sites. This can be seen from the local density of electronic states at
the Pd, Ti, and O sites shown in Figure 4.8. There is no appreciable mixing between
Ti and Pd states.

4.4.3

Theoretical: Free Clusters

As a further confirmation to this, model electronic structure calculations on a free
Pd-Ti dimer were carried out using the ADF code. 114 The molecule is bound with a
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Figure 4.8: Local density of states for Pd4 cluster supported on TiO2 highlights the
limited mixing of Pd and Ti states. Only the states of a single Ti, single O, and
single Pd are plotted. The atoms which states are projected are colored in the ball
and stick drawing, and the DOS plot is color coded similarly. The Fermi level has
been shifted to E=0.
binding energy of 3.17 eV and a bond length of 2.20 Å. Figure 4.9(a) shows the oneelectron energy levels and molecular orbitals of the PdTi dimer, and one can clearly
identify the bonding orbitals. For instance, there is clearly Pd-Ti orbital overlap with
s-orbital character between -1 and -1.5 eV as shown in the figure. Likewise, the states
at -3 eV show d-orbital bonding between Pd and Ti atoms. Because the interest here
is to know the effect of oxidation on the Pd-Ti bond, the next step is to examine the
changes in bonding when oxygen is present. Figure 4.9(b) shows that in the oxidized
structure, the Pd-Ti bond stretches to 2.66 Å, and the molecular orbitals no longer
show any significant Pd-Ti bonds. Note that both O atoms are slightly closer to the
Ti rather than Pd, and close inspection of the molecular orbitals shows Ti-O rather
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Figure 4.9: Electronic states and free cluster geometries of PdTi (left) and PdTiO2
(right). The electronic energy levels and corresponding molecular orbital plots are
shown. The Fermi energy has been shifted to E=0. Silver spheres represent Pd atoms,
blue spheres represent Ti atoms, and red spheres represent O atoms.
than Pd-O orbital overlap. In fact, the electronic state in the spin up channel at -1 eV
shows anti-bonding character between the Pd and the O atom. This model study on
the PdTi dimer is helpful in understanding the cluster-support interactions. In regards
to TiO2 -supported Pd clusters, the model study suggests that the Pd-Ti interactions
are weak and have no direct relation to the large displacement of Ti out of the surface.
Instead, the weakened Ti-O ionic interactions, due to Pd-to-O charge transfer, allow
Ti ions to protrude and become mobile. This Pd-to-O charge transfer represents the
first of two mechanisms in which the Ti-O ionic interactions are weakened and Ti
atom surface protrusions occur. The second mechanism is described in the following
paragraph. It should be noted here that in the prototypical case of Pt nanoparticles
supported on TiO2 (110), the SMSI state is observed as either encapsulation of Pt or
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the formation of an intermetallic alloy by diffusive Ti ions. 48,111 In a similar fashion
to what is described here, an appreciable charge transfer likely occurs between the
near-surface Pt atoms and the surface O2c and O3c atoms, which results in similar
weakening the Ti-O bond.
Next, the case for Pd4 O2 with oxygen spillover is considered. The O atom that
remains bound to the Pd4 cluster accumulates 0.78 e− of charge, while the spilled O
atom accumulates 0.88 e− . It is visible in Figure 4.5(a) that the Pd atom between the
two adsorbed O atoms is coordinated to both oxygens and hence donates more charge
than the other three Pd atoms. Following the binding energy equation stated earlier
(Equation 4.1), the calculated Pd4 O2 binding energy is 3.64 eV. The Ti5c surface
atom that the O atom is spilled onto is displaced from its original position by 0.81 Å.
The mechanism behind such a large displacement is due to the Ti5c atoms tendency
to weaken Ti-O ionic interactions in order to donate charge to the spilled O atom.
Considering the Bader charge of 0.88 e− on the spilled O atom, one might expect
the Ti5c directly beneath it to undergo a dramatic change in charge state. However,
the Bader analysis indicates the Ti atom depletes only 0.07 e− more than it would in
the bare surface. By undergoing such a large displacement, the Ti atom effectively
de-coordinates from neighboring O atoms, which accumulate charge from the Pd
atoms, and this results in a charge transfer of 0.88 e− to the spilled O atom. Thus,
the de-coordination of Ti to neighboring O atoms, in order to donate charge to the
spilled O atom, represents a second mechanism of weakening Ti-O ionic interactions.
The existence of oxygen spillover in Pd4 O2 could also account for recent experimental
findings in the group of Anderson on the catalytic oxidation of CO by TiO2 (110)supported Pdn clusters. 56 Oxidation of CO at 550 K by the oxidized Pdn species
generates CO2 , but the amount of CO2 is much less than to account for the removal of
all O atoms. Yet, the experiments do not see desorption of O2 up until 600 K. Further,
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the ISS experiments indicate that there are no adsorbates left on the Pdn surface,
suggesting that the remaining O atoms have spilled over onto the TiO2 surface.

4.5

Conclusions

The work presented in this chapter demonstrates that the supported Pd4 clusters
on TiO2 surface undergo significant geometrical and electronic changes as O atoms
are added to the cluster. For the bare Pd4 the studies indicate both compact and
pseudo-planar configurations. It is shown that Pd4 O presents a planar structure
while Pd4 O2 presents two different possibilities, namely a pseudo-planar structure
and oxygen spillover structure. This emphasizes the importance of interpreting ion
scattering spectroscopy results when oxygen may be (and most likely is) present.
For Pd4 O2 , the studies indicate that the most stable configuration corresponds to a
spillover O that binds to a surface Ti site, and that these findings could account for
some of the recent experimental observations. The studies also indicate a locally stable
pseudo-planar Pd4 O2 structure where both O atoms are bound to the Pd4 cluster.
There is significant interaction between the deposited clusters and the substrate, and
structural changes in the deposited clusters can be related to the charging of the O
atoms. Finally, the studies suggest that the microscopic origin of the strong metal
support interaction may lie in two different mechanisms. In both cases, Ti-lattice O
interactions are weakened and Ti atoms are displaced out of the surface. In the first
weakening mechanism, the deposited Pd atoms donate charge to the surrounding
lattice oxygen atoms, while in the second mechanism the Ti donates its charge to
spilled over oxygen. Palladium clusters are important oxidation catalysts and the
ability of the clusters to adapt to the deposited atoms is believed to play an important
role in controlling the reaction barriers.
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5. Enhanced Oxygen Binding
through Surface Mediated Ionic
Bonds
5.1

Introduction

The intent of this chapter is to introduce details of the long range interactions which
are shown to take place on the TiO2 surface. The previous chapter showed the
energetic preference for one of two adsorbing O atoms on a Pd4 cluster to adsorb in a
spillover mode. Since the oxygen binding energy represents an important parameter
in many catalytic oxidation reactions, the nature of oxygen binding to the Pd/TiO2
system is presented. This chapter presents results on the interaction of a single Pd
atom and a single O atom on TiO2 as a model system to discuss these long range
interactions. The results discussed in the present chapter have direct implications in
the chapters to follow.
It has been demonstrated experimentally that single O atoms can be found at Ti5c
sites of the clean, stoichiometric TiO2 surface via the dissociative adsorption of O2 at
an oxygen vacancy site of the non-stoichiometric TiO2 surface. 54 To arrive at such a
state, one O atom from a dissociated O2 molecule fills the oxygen vacancy while the
other O atom (Oad ) adsorbs at a nearby Ti5c site. 38,115,116 As the results from this
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chapter show, an Oad atom binds to TiO2 weakly, much weaker than the bond strength
of a free O2 molecule. This suggests that at temperatures high enough to overcome
diffusion barriers, mobile Oad atoms can re-combine to form hot O2 molecules, which
then undergo molecular desorption from the surface, an observation supported by
experiments at temperatures above 410 K. 117 However, experiments also indicate that
O atoms spilled over from a Pd particle, even farther away from cluster, remain bound
at temperatures beyond that (∼550 K). 40 Since the spillover atoms are primarily
bound to surface Ti sites, it is puzzling that the presence of remote Pd sites can
increase and as will be shown, more than double O binding to the Ti sites compared
to single O atom. The results show that the presence of both spillover oxygen and Pd
on the surface is related to the strong metal support interactions (SMSI). While the
debate continues on whether Pd encapsulation or Pd-Ti alloy formation is the result
of the SMSI effect, there is consensus that diffusive Ti ions are a necessary precursor
to the manifestation of SMSI. Since both Ti and the adsorbed Pd are bound to O
sites by donating charge, they are in positive charge states. Consequently, the PdTi interactions, if any, are not expected to be strong. 34,113 In regards to SMSI, the
question to be addressed is what initiates the migration of Ti sites to the surface and
close to the Pd locations?
In this chapter a microscopic understanding of these issues is presented by considering a PdO molecule separated at various distances on a TiO2 (110) surface. The
key issue is the increase in binding of both Pd and O atoms when adsorbed as the
PdO molecule in comparison to individual atomic adsorption. The spillover oxygen
corresponds to an O atom bound to the surface Ti5c site as in a bare TiO2 surface. Consequently, the binding energy of O as the Pd-O distance is increased from
2.00 Å (the ground state PdO separation of the deposited molecule) to 5.50 Å is examined. The studies show the existence of an ionic interaction between Pd and O sites
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that is mediated by the lattice and operates even at large separation, thus providing
a microscopic origin of the enhanced binding of the spillover oxygen. Also, these
studies introduce a molecular mechanism that shows a direct correlation between the
presence of spillover oxygen and the SMSI effect by determining the atomic/molecular
rearrangements that are energetically feasible. To this end, the energy involved in
replacing the Pd site by either (1) a Ti atom or (2) a TiO unit consisting of a Ti and
a spilled over O atom is investigated. Surprisingly, the interchange of the Pd and
“TiO” motifs requires the least amount of energy and this is proposed to be related
to the nature and number of valence electrons.

5.2

PdO Molecule on TiO2

First, the binding energies of a single O atom, a single Pd atom, and then a PdO
molecule on the TiO2 surface are considered. The studies indicate that when individually adsorbed, the O and Pd atoms bind to the bare TiO2 surface with an energy
of 1.69 eV and 1.52 eV, respectively. Both species interact primarily with a single
surface site. The Pd atom binds directly atop an O3c site, and the O atom binds
directly atop a Ti5c site in the center of the TiO2 surface channel. To achieve equilibrium, atoms in the surface layers reconstruct in response to the adsorbing species.
Specifically, adsorption of an O atom induces a protrusion on the lattice Ti5c site to
which it adsorbs. The protrusion pushes the Ti5c atom out of the surface (surface
normal direction) by a distance 0.82 Å, which also increases its bond lengths to the
neighboring lattice O sites. The calculations indicate that by adsorbing at a single
lattice O site, the Pd atom also induces a surface reconstruction, but displacements of
the surface atoms are smaller compared to the case for O adsorption. A Bader charge
analysis shows a charge transfer of 0.24 e− from Pd to the surface atoms (net charge
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of +0.24 e− on Pd). The binding energy of 1.69 eV for a single O atom is rather
low as should be expected for an O atom on a stoichiometric TiO2 , where Ti surface
ions are highly coordinated and thus nearly saturated. Considering the fact that the
calculated binding strength of a free O2 molecule is 5.2 eV, the process where the two
adsorbed O atoms combine to form an O2 molecule and leave the surface is energetically feasible given enough energy to overcome diffusion barriers. (The calculated
binding energy of an O2 molecule in DFT in 6.56 eV, and the process where the two
Oad atoms combine to form a molecule and leave the surface remains energetically
feasible.) This is consistent with experiments that indicate that O atoms on a free
TiO2 surface do desorb from the surface at finite temperatures. 117
A Bader charge analysis indicates that the O atom accumulates 0.77 e− of charge.
The accumulation of charge by the O species is expected, but to understand the source
of charge donation, the ionic nature of the TiO2 surface should be considered. While
one might expect the majority of charge to be transferred from the Ti5c site that
adsorbs the O atom, the results indicate that instead charge is donated collectively
by Ti and O sites in the first two trilayers of the surface. If the Ti5c site solely
donated all 0.77 e− , it would undergo a dramatic change in charge state that would
likely propagate to neighboring lattice O sites. Here, Ti5c decoordinates from the
neighboring O sites by protruding out of the surface. This protrusion increases the
distance between the Ti5c atom and its lattice neighbors, allowing for very little change
in charge state of the Ti itself and surrounding lattice O sites. As will be shown later,
the sharing of the donated charge by Ti and O sites occurs in other cases too, and
this can be looked upon as a resiliency of the lattice sites to undergo a change in their
oxidation states.
Now the case of PdO on the TiO2 surface is considered. The Pd occupies a site
above three lattice O3c sites, and the Oad is bound atop a neighboring Ti5c site. The
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Figure 5.1: Top and side view drawings of the ground state structures for (a) clean,
stoichiometric rutile TiO2 (110), (b) a single O atom on TiO2 , (c) a single Pd atom on
TiO2 , and (d) a supported PdO molecule. For clarity, only the top trilayer of the TiO2
slab is shown. The calculated binding energies are shown to highlight the binding
energy enhancement of one surface species in the presence of the other (see text for
details). The coloring scheme is as follows: lattice Ti (small silver spheres); lattice O
(small red spheres); Pd (large silver spheres); and adsorbed O (green spheres).
bond length of the molecule increases from 1.83 Å in a free molecule to 2.00 Å for the
adsorbed species. Since the catalytic activity of any oxidation reaction is governed
by the binding energy of the O to the surface, the next step was to determine the
amount of energy required to remove the O atom. The calculations indicate that the
oxygen binding energy (OBE) is increased to 4.46 eV. Recall that a single O atom is
bound by only 1.69 eV to the TiO2 surface in the absence of Pd; the increase could be
due to direct, covalent PdO bonding. As a free PdO molecule has a binding energy of
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3.30 eV, the increase in binding could be roughly accounted for by the PdO binding
energy. Such a proposition is consistent with the finding that the energy required
to remove the Pd atom also increases from 1.52 eV for a single Pd atom to 4.29 eV
for the PdO, and the increase in the binding of Pd and O are exactly the same at
2.77 eV. Thus, the presence of an O surface species enhances Pd binding, and likewise
the presence of a Pd surface species enhances O binding. The calculated ground state
structures and corresponding binding energy calculations are summarized in Figure
5.1. Beginning with the clean, stoichiometric TiO2 surface (Figure 5.1(a)), two paths
that lead to the PdO/TiO2 structure (Figure 5.1(d)) are considered. In one path, Pd
adsorbs on the O-doped TiO2 surface (a → b → d), and in the other path, O adsorbs
on the Pd-doped TiO2 surface (a → c → d). Since the Pd and O atoms in PdO are
bound by a covalent bond, the next step was to examine whether the binding energy
of O could be altered by increasing the Pd-O separation and thus decreasing direct
orbital overlap.

Free Pd-O Molecule
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Figure 5.2: Total energy vs. Pd-O separation distance for a free PdO molecule.
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To investigate the origin of the OBE enhancement, the first step was to examine
if the covalent bonding in a free PdO could account for the bonding on surface.
To this end, the change in binding strength as the PdO distance was increased was
investigated. Recall that a free O atom binds only at a Ti5c site, and thus the O was
placed on Ti5c sites farther from the Pd atom leading to PdO separations of 3.85 Å and
5.50 Å. Because covalent bonds are highly localized, one would expect that the O
binding energy would drop to its value on a bare surface for larger separation. This
concept is reinforced when considering the interaction energy of a free PdO molecule.
Figure 5.2 is a plot of the total energy of a PdO molecule as a function of Pd-O
separation. The minimum at 1.83 Å indicates the ground state bond length of the
molecule, and the tail of the energy curve shows that the PdO molecule is essentially
non-interacting by about 3.5 Å. Thus, there should be no more covalent interactions
in a free PdO molecule at such large Pd-O separations. However, the calculations
indicated that in comparison to O individually adsorbed on the bare TiO2 surface, the
increase in O binding energy was 1.79 eV even at a separation of 5.50 Å. This suggests
that the Pd and O sites are probably bound by interactions that are appreciable at
larger separations. One possibility was to consider an ionic interaction between the
Pd and O sites as Coulomb contributions to the energy, which decrease slowly with
distance (1/r), can be large even at larger separation. Recall that without a Pd
species present an O atom accumulates 0.77 e− of electronic charge from the surface.
For the ground state configuration of PdO, the studies indicate that the presence of
Pd leads to an O atom accumulating 0.99 e− . What is more interesting is that this
charge is almost entirely donated by the Pd site which is left with an opposite charge
in similar magnitude of +0.96 e− leaving the underlying surface almost neutral. In
this configuration, Pd-O separation is only 2.00 Å, and the overlap of the charge
density and the surface deformations would alter the ionic contribution. One would,
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however, expect Coulomb terms to dominate as PdO is farther separated. To this
end, a comparison between the Coulomb attraction and the calculated enhancement
in oxygen binding energy as a function of Pd-O separation is presented. The results,
which are summarized in Figure 5.3, show three different geometries corresponding
to Pd-O distances of 2.00, 3.85, and 5.50 Å. The latter two cases are less stable
configurations compared to the ground state, and the feasibility of long range spillover
will be discussed later. The results indicate that even at large Pd-O distances the
OBE enhancement is substantial. Alongside the OBE enhancement plot are the
magnitudes of the Coulombic potentials calculated for the three Pd-O distances. The
atomic charges used in the Coulomb potential equation were determined by Bader
charge analyses and are shown in the inset above the ball and stick drawings.
Clearly, there is a convergent behavior between the two curves indicating that
at a Pd-O distance of 5.50 Å the OBE enhancement is strictly a result of Coulomb
interactions. However, at smaller Pd-O distances two additional factors may affect
the calculated oxygen binding energy, and thus give rise to the shaded region between
the two curves. The first factor, likely to have an impact at only short distances, arises
from the likelihood of chemical bond formation between Pd and O. The second factor
pertains to adsorbate-induced deformations. Recall that each species induces a local
deformation to the surface structure. At large Pd-O separation (e.g., 5.50 Å), the O
and Pd induced surface deformations are well separated. Thus, the binding energies
of O and Pd are the sum of: (1) the binding energies in their isolated cases (1.69 eV
and 1.52 eV, respectively) and (2) the Coulomb interaction contribution. When Pd
and O are in close proximity of each other (e.g., 3.85 Å or less) the adsorbate-induced
surface deformations are also in close proximity. This results in an O atom bound to
a surface structure that is deformed by Pd adsorption and vice versa. This coupled
with the overlap of charge densities modifies the pure ionic term.
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Figure 5.3: The blue points are the calculated oxygen binding energy (OBE) enhancement over the OBE of a single O atom on the surface (1.69 eV). The dashed, blue
lines are shown only as a visual guide to the eye. The red points are the calculated
electrostatic interactions between the supported Pd and O species, and the red curve
is a least-squares fit of the data. The inset shows side and top views of the geometries with three different Pd-O distances. The inset also shows the calculated atomic
charges on Pd (positive numbers) and O (negative numbers) atoms that were used to
calculate the electrostatic interactions.
This concept is reinforced when considering the energetic cost of deforming the
surface structure. To quantify this energetic cost, Equation 2.32 from Section 2.4.1
is used. The calculated surface deformation for the individually adsorbed O atom is
3.47 eV. The calculated O-induced surface deformation at Pd-O separation of 5.50 Å is
3.67 eV, indicating a very similar reconstruction. At Pd-O separations of 3.85 Å and
2.00 Å, the O-induced deformations are 3.83 eV and 5.04 eV, respectively. Essentially,
the closer the Pd-O distance the more the two species-induced deformations spatially
overlap. The result is a shift in the oxygen binding energy, which gives rise to the
shaded region between the two curves in Figure 5.3. There was some concern as to
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whether the inclusion of a Hubbard U term into the Hamiltonian would change the
results presented here. As shown in Appendix A, upon inclusion of a U term the
results remained qualitatively the same.
As stated earlier, individual Ti and O lattice sites are unlikely to undergo major
changes in charge state. In fact, the adsorbate-induced deformations can be considered a mechanism to avoid undergoing a major change in charge state. The resiliency
to a change in charge state is further reinforced when considering the charge on the
Pd and O atoms at the three distances of separation. First, recall how the Pd atom
is left in a +0.24 e− charge state when adsorbed individually. As shown in the inset
of Figure 5.1, in all three cases where O is present the Pd charge is at least +0.84 e− .
The large charge buildup at the Pd site is an effect of two phenomena. First, at the
three Pd-O distances shown here, the O atom accumulates at least 0.81 e− , driven
entirely by its tendency to accumulate electronic charge. Second, because the Ti and
O lattice sites are resilient to undergo a change in charge state, the source of electronic
charge is the Pd atom, even at a distance of 5.50 Å. Essentially, the adsorbed O atom
accumulates charge from the Ti5c site to which it binds, leaving the surface layers in a
slightly charged state. However, when Pd is present it serves as the source of charge,
and at all three Pd-O distances it accounts for nearly all of the charge accumulated
by O.
Returning to the idea of long range spillover, it should be noted that oxygen
spillover has been observed by STM imaging at distances up to several nanometers
away from TiO2 -supported Pd nanoparticles. 110 To investigate the potential barrier
for single O atom diffusion on a surface with Pd present, a climbing image nudged
elastic band (NEB) calculation was performed. 118 The reaction path contains the
O atom diffusing from the Ti5c site nearest the Pd atom to a neighboring Ti5c site
in the [001] direction. In the NEB calculation, the initial and final configurations
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correspond to structures with Pd-O distances of 2.00 Å and 3.85 Å, respectively. The
results indicate a maximum potential energy barrier of 1.14 eV for an O atom to cross
over to a neighboring Ti5c site.
In the STM experiments by the Bowker group, 48 another important feature is
observed. As oxygen continues to spillover from the Pd nanoparticles to nearby
titania sites, new titania layers form. The titania layer growth occurs fastest near
the Pd particle compared to other parts of the surface indicating oxygen spillover is a
major contributing factor. 110 Growth can even occur in the form of titania overlayers,
leading to surface structures where Pd particles may become encapsulated. 48,111,112,119
While in Chapter 4 the weakening of the ionic contribution of Ti-O surface bonds
is discussed, here using a PdO molecule on the surface gives insight to the molecular
mechanism of how the SMSI state might occur. Specifically, this model system can be
used to understand how a Pd atom might become encapsulated by titania overlayer
growth. Note that Pd encapsulation could be initiated by a Pd atom substituting a
Ti site on the surface. Consequently, the energetic feasibility of exchanging Pd site
with other atoms/motifs on the surface was examined. First, the energetic cost of
an exchange between the Pd and a surface Ti site was considered. The state with
sites exchanged was 1.99 eV less stable than the original configuration. An alternate
possibility was to exchange Pd by another unit. As mentioned before, the addition of
an O atom displaces Ti5c surface site beneath it and de-couples it from the surface.
Therefore, a geometry optimization on a configuration where the Pd atom and the
TiO unit were swapped was performed. The two structures are shown in Figure 5.4.
For clarity, red and blue wireframe meshes are drawn as cages surrounding the ball
and stick models of the Pd atom and the TiO unit, respectively. Interestingly, the
total energy of the swapped structure (Figure 5.4(b)) is only 0.29 eV less stable than
the ground state structure (Figure 5.4(a)).
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Figure 5.4: Total (black lines) and projected (colored regions) density of states plots
for geometries where (a) PdO is supported on TiO2 and (b) Pd swaps positions with
a neighboring TiO site (i.e., Pd atom encapsulation). For the projected DOS, the red
regions correspond to states of the Pd atom (drawn inside of a red wireframe mesh)
while the blue regions correspond to states of the TiO unit (drawn inside of a blue
wireframe mesh). The Fermi energy (EF ) is shifted to 0 eV.
This energy difference is strikingly small, especially when considering such a drastic change in geometry. However, upon further inspection it can be seen that many
of the criteria that defined stability of the ground state structure are still met. First,
the valence electron count at each site remains the same in both cases. Second, the
Ti atom in the TiO unit remains highly coordinated to O sites (three lattice O sites
as well as the single O atom of the TiO unit). Along the ball and stick drawings of
Figure 5.4, the total and projected density of states (DOS) plots are shown. The total
DOS is shown in black outline, while the projected DOS for the Pd atom and TiO2
unit are shown in the red and blue shaded regions, respectively. The insets show an
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expanded view of the region where most of projected states lie. Clearly, the majority
of the Pd and TiO valence states lie within 2 eV below the Fermi level and the total
DOS are similar. All this indicates that the interchange of the TiO and Pd may be
the starting point of the encapsulation of the Pd site.
The low energy cost in interchanging TiO and Pd sites raises an interesting issue. Both TiO and Pd atom have a similar valence pool of 10 valence electrons and
contain d-states. Recent studies indicate that such pairs can exhibit similar electronic features. 120 For example, Pd+ and ZrO+ with 9 valence electrons have recently
been found to exhibit similar reactivity and fragmentation products when reacted
with CO and ethylene. Theoretical studies indicate that these similarities could be
assigned to the occupation and presence of d-states in the electronic structures of
the two species that have same number of valence electrons. 120 The present studies
indicate that motifs with d-states and with same number of valence electrons seem
to be interchangeable.

5.3

Conclusions

The results of this chapter present studies that indicate that O sites on a TiO2 surface
exhibit enhanced stability in the presence of Pd atoms. For PdO, the Pd donates
a charge that is transferred to the O sites with the underlying surface remaining
almost neutral. These interactions bring out a new class of ionic interactions that are
mediated by the surface and could be classified as surface mediated ionic bonds. In
this case, what is surprising is that TiO2 is a well-known semiconductor with a large
band gap of 3.0 eV. Yet, the surface mediates to transfer the charge from Pd to O
even at large separations. This transfer is stimulated by the surface sites that resist
any major change in their oxidation states and hence merely act to help transfer the
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charge. Finally, the studies indicate the energetic cost of interchanging the Pd and
TiO that have similar valence pool is lower than interchanging Pd and Ti. Further
work is needed to develop these findings into useful guiding principles that could
provide insight into the microscopic mechanisms of SMSI.
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6. Adsorption of Pdn (n=1-7) on
Stoichiometric TiO2(110)
6.1

Introduction

In this chapter, a systematic study of the atomic, electronic, and magnetic moment of
Pdn (n=1-7) clusters supported on a TiO2 (110) surface is presented. As Pdn clusters
are oxidation catalysts, the effect of adding one and two O atoms on the electronic and
magnetic character is investigated. These investigations are partly designed to offer
insight not only to the oxidation behavior of supported Pdn clusters, but also into
the recent experimental observations on the growth characteristics. These include the
STM experiments by Goodman and co-workers on the morphology of clusters on TiO2
surfaces 121,122 as well as UHV experiments by Kaden et al. described in Chapter 4. 56
Recall that the ion scattering experiments indicated that clusters containing 4 and 7
atoms were planar while clusters containing more than 10 atoms were bi-planar. The
studies presented within this chapter are directed towards offering a fundamental
insight into some of these experimental findings. The basic issues addressed are
the following: (1) The ground state atomic configurations, electronic structure, and
magnetic properties of the supported palladium clusters and if the clusters containing
10 atoms or less are calculated to be planar. (2) The effect of adding an O atom on the
atomic and electronic structure and the strength of bonding of the O atom. (3) The
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ground state of the clusters with two O atoms and whether both O atoms occupy
sites on the Pdn clusters or the O atoms spill over to the substrate. The particular
interest in strength of oxygen bonding has direct implications in the efficiency of Pdn
clusters as oxidation catalysts. The fundamental information gained in this work is
believed to constitute a first step towards developing a coherent picture of the CO
oxidation by Pdn clusters.
Before discussing the issues fundamental to oxidation and catalysis such as active sites and oxygen binding strength, the geometries and binding energies of bare,
supported Pdn clusters are discussed along with a discussion of the cluster-support
interactions that drive these systems to their lowest total energy. A wide variety of
initial geometries (over 200 unique geometries) were fully optimized to obtain the
equilibrium structures of the TiO2 (110)-supported bare and oxidized Pdn clusters.
The equilibrium structures were found by comparing total energies of all optimized
structures. For each structure spin-polarized calculations were performed to determine the possibility of Pdn clusters maintaining their free cluster magnetic spin moments. The choice of initial Pd cluster geometries included the calculated free cluster
and isomer geometries, and each was sampled at multiple locations on the TiO2 slab.
When sampling oxidized cluster geometries, multiple oxygen adsorption sites on both
the calculated ground state as well as energetically close Pdn cluster geometries were
attempted. To determine whether there is a preference for oxygen to adsorb on the
TiO2 slab instead of exclusively on the Pdn cluster, Ti surface sites were also sampled
for adsorbed oxygen.
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6.2

Cluster Geometries and Binding Sites

First, the Pd atom on the TiO2 surface will be discussed, as it is found to form a set
of energetically similar binding sites to which the remaining sizes bind to the surface.
A ball and stick drawing of the rutile TiO2 (110) surface model is shown in Figure 6.1
to indicate the possible binding sites for the Pd atom.
O2c

D1

Ti5c

A3

Ti6c

O3c

D2

F

E
A1 B A2

C

[001]
[110]

Figure 6.1: Labels for possible binding sites of the 4x2 rutile surface. The two types of
Ti and two types of O atoms are labeled along with six different possible binding sites
(labeled A-E). Sites labeled with the same letter (e.g., A1, A2, A3) are equivalent
by symmetry. The blue spheres represent Ti atoms, and the red spheres represent O
atoms.
The Pd atom favors a binding site in the surface channel directly atop an in-plane
O3c site, which is in agreement with previous theoretical studies. 34,123 The Pd atom
also binds to several other sites with a comparable strength. Table 6.2 shows a list of
binding energies for the Pd atom at the sites shown in Figure 6.1. Pd atoms have an
energetic preference to bind with close proximity to lattice O sites rather than lattice
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Site Binding Energy (eV)
A
1.48
B
1.25
C
1.04
D
1.52
E
1.36
F
1.48
Table 6.1: List of Pd atom binding energies corresponding to the sites shown in Figure
6.1.
Ti sites. As discussed for the case of Pd4 in Chapter 4, this is due to the charge on
each atomic species. Within the lattice, Ti and O sites obtain positive and negative
charge states, respectively, as bonding within the TiO2 surface is partially ionic. At
this stoichiometric TiO2 surface, Pd atoms always donate charge to the surface and
as a results are left in a positive charge state.
One of the important issues in characterizing cluster-support interactions pertains
to the mobility of single atoms on the surface. The similar binding energy between
the atop O3c (site D) and hollow O3c (site A) sites suggests that single Pd atoms
may be mobile along the [001] direction of the TiO2 surface. To this end, climbing
image nudged elastic band (NEB) 124 calculations were performed to determine the
diffusion pathways and diffusion barriers of a Pd atom on the surface. The results of
the NEB analysis indicate virtually no diffusion barrier (maximum energy difference
from ground state of only 0.05 eV) to move along the [001] direction. Interestingly, Pd
diffusion is not entirely straight with respect to the surface channel direction. Figure
6.2(a) shows five “snapshots” of the minimum energy diffusion pathway that is curved
towards the center of the channel to maximize Pd-O and minimize Pd-Ti interactions.
This gives further support to the conclusion that Pd atoms prefer interaction with
lattice O rather than lattice Ti sites. The extremely small energy differences of the
five different positions on the surface are likely easily overcome during experiments,
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which occur at finite temperatures.

[001]

[110]

(a) Diffusion in surface channel direction

(b) Diffusion across surface channel

Figure 6.2: Top and side views of the Pd atom diffusion pathways on the rutile surface
in both the [001] and [11̄0] directions. Each figure contains five “snapshots” of the
climbing image NEB calculation.
Pd atom diffusion across the center of the surface channel is also likely to occur
if the pathway contains Pd diffusion directly over a Ti5c hollow site shown in Figure
6.2(b). This diffusion contains virtually no energetic barrier (maximum barrier height
of only 0.08 eV). On the other hand, crossing directly over a Ti5c atom at the center of
the surface channel, corresponding to pathway A1 → B → A2 from Figure 6.1, requires
an activation energy of 0.27 eV due to direct Pd-Ti interaction. A Pd atom may even
pass between two O2c bridging atoms (binding site shown in Figure 2(h)), migrating
to an adjacent TiO2 surface channel. Thus, there is a large set of energetically similar
Pd atom binding sites that are most likely to be observed at finite temperatures and
help in the diffusion of the Pd atoms.
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Figure 6.3: Ground state (left column) and near-lying isomers of Pdn (n=1-7) clusters
supported on the rutile TiO2 (110) surface. For clarity, only the top layer of the TiO2
surface is shown. The silver spheres represent Pd atoms, the blue spheres represent
Ti atoms, and the red spheres represent O atoms.
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The ground state geometries and nearest energy isomers were determined by geometry optimizations of over 50 unique initial starting positions and are depicted
in Figure 6.3. Beside each subfigure, the relative energies and Pdn cluster binding
energies are reported. Also reported is the charge on the entire Pdn cluster, which
was determined by a Bader charge analysis. In general, the results indicate that
the ground state Pdn cluster geometries are driven by either one or both of the two
possible mechanisms: (1) intra cluster Pd-Pd interactions, due to s- and d- orbital
hybridization, which favor close packing and lead to the compact structures of free
Pdn clusters, and (2) cluster-support interactions between Pd and lattice-O sites,
which favor planar arrangements. Many of the clusters undergo only minor changes
from their calculated free cluster geometries.
The calculated ground state structures of Pdn (n=2-7) clusters appear as the
addition of a single Pd atom to the Pdn−1 structure along the surface channel [001]
direction. The exception to this trend occurs at n=4,6 where the fourth (sixth)
Pd atom forms (contributes to) a second layer of the cluster. Considering the high
mobility of Pd atoms along the [001] surface direction, these trends suggest cluster
growth would occur in a Volmer-Weber 125 (formation of 3D islands) rather than a
Stranski-Krastanow fashion 126 (formation of complete layer before 3D islands). This
result is in agreement with STM experiments in the Goodman group. 121,122
As the experiments are carried out at finite temperatures, energetically close-lying
isomers likely coexist with the ground state. Structural isomer geometries that are
close-lying in energy are shown in Figure 6.3(g-l). In general, these isomer geometries
differ only slightly from the ground state structures, and in some cases only a small
Pd-Pd bond length increase (e.g., Pd2 , Pd4 , Pd5 ) or change in cluster orientation with
respect to the surface (e.g., Pd3 ) destabilizes the structure. Both of these destabilizing
mechanisms point towards the governing idea that the ground state structure can be
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considered as the balancing of the two competing forces mentioned earlier, namely
Pd-lattice O and Pd-Pd interactions. In regards to cluster growth, knowledge of
whether Pdn clusters sit in the TiO2 surface channel or on top of bridging O atom
rows may elucidate details of previously reported results. Take the ground state
and energetically close-lying isomer Pd2 structures, for example. These structures
are shown in Figures 6.3(a) and 6.3(g) and differ by their rotational orientation with
respect to the surface and their Pd-Pd bond lengths of 2.66 Å and 2.73 Å, respectively.
While both of these bond lengths are slightly longer than the calculated free cluster
bond length of 2.48 Å, the Pd-lattice O interactions mentioned above help stabilize
the slightly elongated structures. On the other hand, a Pd2 structure that sits on top
of the surfaces bridging O atoms, where both Pd atoms bound to adjacent bridging
O2c sites (two adjacent F sites from Figure 6.1), causes Pd-Pd separation to reach
2.78 Å and is 0.68 eV less stable than the ground state. This behavior is also seen
at larger sizes, and geometry optimizations on Pdn (n=3-7) cluster structures where
some Pd atoms are bound atop or between two bridging O2c atoms were at least
0.9 eV less stable than their ground states. This result indicates that while single
Pd atoms may bind at bridging O2c sites, larger clusters bound at bridging O2c sites
forces a large enough separation of Pd atoms to destabilize the structure.
Fundamental to understanding cluster growth on surfaces and available active sites
per cluster is the size at which clusters transition from two- to three-dimensionality.
Recall, the UHV deposited cluster experiments by the Anderson group which implemented Ion Scattering Spectroscopy (ISS) to probe the ratio of exposed Pd atoms
with respect to Ti+O surface ions. 56 To this end, several geometry optimizations on
planar configurations of the clusters were performed. As seen in Figures 6.3(i-k), the
Pdn (n=4-6) clusters possess structures where all Pd atoms could possibly be exposed
in an ion scattering experiment. However, truly planar structures, in which all atoms
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are directly coordinated to the surface, were calculated to be highly unstable (at least
0.9 eV higher than their ground states) for sizes n=5-7.

Spin Excitation Energy

Spin Excitation Energy (eV)

6.3

0.6
0.5
0.4
0.3
0.2
0.1
0

1

2

3
4
5
Pdn Cluster Size

6

7

Figure 6.4: Spin excitation energy for Pdn /TiO2 (110) as a function of cluster size
Unlike the bulk metal, small Pdn clusters have been found to possess finite spin
magnetic moments. 3,9,101 Note that in a Pd atom, the 4d shell is completely full and
followed by empty 5s states. The hybridization between s- and d- states in clusters
coupled with a narrow “d-band” stabilizes a magnetic state. 103,127 Previous studies
have indicated that the spin can have a determining effect on the reactivity with
oxygen. For example, previous studies in the Khanna group have shown that the
reactivity of gas phase Al−
n clusters with an even number of electrons is strongly
correlated to the spin excitation energy from the singlet ground states to the triplet
excited states. 128 This is because the ground state of an O2 molecule is a spin triplet
and any weakening of the O-O bond requires filling of the minority spin states that
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form the lowest unoccupied orbitals in the free O2 molecule. 128 The present work
shows that the spin moment for the deposited Pdn clusters is primarily localized on
the Pd sites. It is then interesting to explore if the spin excitation energy that controls
the reactivity of gas phase clusters can also affect the behavior of supported clusters,
where spin exchange may occur at the cluster-support interface. The spin ground
state of the supported clusters varied between spin singlet and spin triplet, thus the
spin excitation energy is calculated as the magnitude of the energy difference between
the two spin states. As shown in Figure 6.4, the highest spin excitation energy of
0.60 eV occurs at Pd1 . If the spin excitation energy is a major factor in controlling the
ability of supported clusters to activate an O2 molecule, this may explain the results
from the UHV experiments by the Anderson group that indicate the Pd atom exhibits
the lowest activity for CO oxidation. 56 The effect of spin excitation on reactivity has
yet to be shown for supported clusters, and requires further experimental verification
before concluding that it is, in fact, a parameter critical in controlling the oxidation
behavior of Pdn clusters.

6.4

Oxygen Binding Sites and Binding Energies

The focus on Pdn cluster with a single O atom stems from the understanding that
O-O bonds from adsorbed O2 are expected to be activated at the Pd surface during
oxidation. This concept was first introduced in Chapter 4 and is now discussed for
other cluster sizes. As will be shown for Pdn O2 (n=2-7) clusters, all ground state
atomic structures have O-O bonds entirely broken, and in many cases at the extremities of the Pdn cluster. Additionally, if an oxidation reaction is to take place (e.g.,
oxidation of carbon monoxide), one of the two O atoms may be removed leaving a single O atom on the Pd cluster surface. Thus, Pdn O clusters are likely to be stabilized
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under typical reaction conditions. The ground state structures were determined from
over 60 geometry optimizations and the results are summarized in Figure 6.5(a-g).
To account the possibility of an O atom stabilizing a higher energy Pdn cluster, both
the ground state and higher energy Pdn motifs were included as initial configurations
in Pdn O optimizations.
The results indicate that O atoms prefer adsorption at threefold sites where wavefunction overlap and charge accumulation by the adsorbed O are maximized. Clearly,
there is an exception to this trend at smaller sizes Pdn (n=1-2) which do not contain
threefold sites. For Pd2 , the adsorbed O binds at a twofold bridging site and accumulates the least amount of charge in the entire series (Figure 6.5b). For Pd1 , an
oxygen spillover geometry, shown in Figure 6.5(a), is strongly preferred (by 1.3 eV)
compared to a geometry where O adsorbs directly atop the Pd atom. The case for
O atom adsorption on Pd1 will be discussed in more detail in Section 6.6, where it is
compared to O2 adsorption. For cluster sizes Pdn (n=3-7), the preference for O atoms
to adsorb at threefold sites is visible in Figures 6.5(c-g). For these structures, the
Pd-adsorbed O bond lengths are always near 1.98 Å and thus mimic the Pd-O bond
lengths for O adsorbed on the Pd(111) surface. 109 At this distance, three equivalent
Pd-O bond lengths can be formed without substantial deformation to the Pdn cluster.
Adsorbed O atoms prefer to remain in the center of the TiO2 surface channel, as
visible in Figures 6.5(a-g). In other cases, where the O adsorbed close to the bridging
O2c rows (either laterally left or right) the geometries were always less stable than
those with O atoms aligned in the center of the surface channel. As determined by a
Bader charge analysis, the bridging O2c lattice sites accumulate charge through the
Ti-O lattice ionic interactions and repel the similarly charged adsorbed O atoms. By
O adsorbing in the center of the surface channel, this repulsion is minimized. The
Pdn O clusters retain their unoxidized geometries, with the exception of Pd4 , which has
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(a)

BE[Pd1O] = 2.43 (h)
BE[O] = 4.46
Q[Pd1] = +0.96 eQ[O] = -0.99 e-

BE[Pd1O2] = 1.78
BE[O] = 3.39
Q[Pd1] = +0.90 eQ[O2] = -0.53 e-

(b)

BE[Pd2O] = 2.43
BE[O] = 4.95
Q[Pd2] = +1.12 eQ[O] = -0.76 e-

(i)

BE[Pd2O2] = 2.84
BE[O] = 4.34
Q[Pd2] = +1.78 eQ[O2] = -1.56 e-

(c)

BE[Pd3O] = 2.77
BE[O] = 5.10
Q[Pd3] = +1.38 eQ[O] = -0.86 e-

(j)

BE[Pd3O2] = 2.82
BE[O] = 4.94
Q[Pd3] = +2.08 eQ[O] = -1.73 e-

(d)

BE[Pd4O] = 3.21 (k)
BE[O] = 4.98
Q[Pd4] = +1.46 eQ[O] = -0.82 e-

BE[Pd4O2] = 3.64
BE[O] = 4.94
Q[Pd4] = +2.09 eQ[O2] = -1.66 e-

(e)

BE[Pd5O] = 3.38
BE[O] = 4.54
Q[Pd5] = +1.59 eQ[O] = -0.84 e-

(l)

BE[Pd5O2] = 3.80
BE[O] = 4.88
Q[Pd5] = +2.58 eQ[O2] = -1.68 e-

(f)

BE[Pd6O] = 3.20 (m)
BE[O] = 4.69
Q[Pd6] = +1.59 eQ[O] = -0.84 e-

BE[Pd6O2] = 3.64
BE[O] = 4.92
Q[Pd6] = +2.23 eQ[O2] = -1.69 e-

(g)

BE[Pd7O] = 3.62 (n)
BE[O] = 4.95
Q[Pd7] = +1.67 eQ[O] = -0.87 e-

BE[Pd7O2] = 3.61
BE[O] = 4.72
Q[Pd7] = +2.35 eQ[O2] = -1.72 e-

Figure 6.5: Ground state structures of TiO2 -supported Pdn O (left column) Pdn O2
(right column) where n=1-7. The silver spheres represent Pd atoms and the blue
spheres represent Ti atoms. The adsorbed O atoms are drawn as green spheres to
differentiate from the lattice O atoms (red spheres).
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previously been discussed in detail (Chapter 4). The stabilization of the planar Pd4
structure shown in Figure 6.5(d) is due, in part, to these same repulsive interactions
between surface and adsorbed oxygen. The other factor that contributes to stabilizing
the planar Pd4 structure is the opening of a threefold site that is centered in the TiO2
surface channel. For O to adsorb at a threefold site on a tetrahedral Pd4 motif, such
as the one shown in Figure 6.3(c), the O atom is bound in close proximity of bridging
O2c atoms and was calculated to be 0.6 eV less stable than the ground state. This
is indicative of the repulsive interactions that constrain adsorbing O atoms to the
center of the surface channel.
In Figure 6.5, the charge accumulated by the adsorbed O atom and the charge
depleted by the Pdn cluster is also reported. Clearly, the Pdn clusters donate more
charge than the O atoms accumulate, indicating that charge is still donated towards
the Ti and O sites of the support. As discussed in Chapter 4, the degree of coordination between Pdn cluster and lattice O of the support is correlated to the amount of
charge transferred from to the support. As for charge accumulated by the adsorbed
O atom, the behavior is similar for all sizes except Pd1 . For n=2-7, charge is donated
by the O-adsorbing Pd sites, while for Pd1 the O accumulates charge from both Pd
and a neighboring Ti5c site, which it is also bound to. The spillover fashion that the
O binds to the Pd1 /TiO2 system with, allows for the maximum amount of charge
(-0.99 e− ) to be accumulated.

6.5

Cluster Binding: Stability or Reactivity?

There is a well-known relation between a metal-O bond strength and the metals ability
to perform a catalytic oxidation reaction. 36 From an energetic viewpoint, the more
weakly a cluster binds an O atom the more active the cluster should be as a catalyst,
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Figure 6.6: Plots of the (a) Pdn cluster binding energy to the surface, (b) O binding
energy to the supported Pdn cluster, (c) Pdn cluster deformation energy, and (d) Pdn
cluster surface stability.
as it will lead to CO oxidation to be a more exothermic. In supported clusters, one
question yet to be answered pertains to the relation between metal-O binding energy
and a supported clusters stability on a surface. Would the thermodynamics of an
oxidation reaction favor a cluster that is strongly or weakly bound to the surface?
The plots in Figure 6.6 show the correlation between (a) the unoxidized Pdn
cluster binding energy to the surface and (b) the O binding strength to the Pdn
cluster. Excluding Pd1 , the results indicate that the weakest O binding energy occurs
at Pd5 , the same size with a peak in Pdn cluster binding energy. The enhanced binding
of the supported Pd5 cluster directly translates to a weaker oxygen binding energy.
The inverse relationship between oxygen binding energy and Pdn cluster binding
energy holds for all sizes but Pd1 and Pd7 . As already discussed, Pd1 is a special
case where the O atom binds differently than all other sizes and the spin excitation
energy may play a major factor. On the other hand, it is quite surprising that the
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trend falls apart at Pd7 . This motivates one to rethink the idea of cluster stability
on the surface. In free clusters, the atomization energy of an n-atom cluster is the
energy gained by binding n atoms together and is considered a marker of the inherent
energetic stability of a cluster. In supported clusters, there are two contributions to
stability: the cluster binding energy to the surface Figure 6.6(a) and the intra-cluster
stability, which may can negatively affect a cluster’s inherent stability if a cluster is
deformed upon adsorption. This perturbation is referred to as the cluster deformation
energy and is calculated by Equation 2.31 from Section 2.4.1. The results are shown in
Figure 6.6(c) and reflect the structural deformations that most clusters undergo when
binding to the TiO2 surface. The largest deformation occurs at Pd7 , where the cluster
undergoes a geometrical deformation that costs 0.83 eV in order to be accommodated
into the TiO2 surface channel. This introduces the notion of a supported cluster’s
“surface stability”, calculated as the difference between the Pdn binding energy and
the Pdn deformation energy. The surface stability is shown as a function of Pdn
cluster size in Figure 6.6(d) and clearly is inversely related to the oxygen binding
energy. This stated, a cluster’s surface stability can be considered as a lack of affinity
toward O atom binding, but despite a low affinity O adsorption will still take place
because of an O atom’s strong tendency to accumulate charge. Further, the amount
of charge accumulated by O remains relatively constant for the various cluster sizes.
Essentially, charge accumulation by O is inevitable as it drives the system to a lower
total energy, and while the amount of charge transferred is important, it holds a low
critical value in determining how strongly O atom binds to a cluster. A Pdn cluster’s
surface stability, however, holds high critical value as it is strongly inversely related
to the O atom binding energy.
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6.6

PdnO2 Clusters

The addition of an second O atom to Pdn O resulting in Pdn clusters oxidized by two O
atoms leads to intriguing behavior for cluster sizes n=2-7. The ground state structures
are depicted in Figure 6.5(h-n). For all cluster sizes, Pd atoms donate charge while
O atoms accumulate charge. In fact, the accumulation of charge by O atoms governs
the geometries of the Pdn O2 clusters as the two negatively charged O sites try to be
far separated. Recall that for Pd4 O2 , the interaction between the O sites leads to
stabilization of a planar Pd4 structure with one of the O atoms occupying a position
bound to the cluster while the other O atom locates on a Ti site in a spillover mode.
The analysis of the charge distribution showed how a repulsion between the O sites,
that each accumulate nearly an electron of charge, could account for the structure.
The following paragraphs will show how the accumulation of electronic charge by
oxygen continues to govern the ground state atomic structure at other sizes as well.
Recall the experiments by Kaden et al., 56 which show that a single Pd atom
exhibits the lowest efficiency for oxidation of CO to CO2 . The present studies indicate
that of all the cluster sizes considered here the Pd atom is the only case where the
O-O bond of the absorbed O2 is not broken. The O-O bond length is mildly stretched
from its calculated free molecule bond length of 1.23 Å to 1.34 Å, however, indicating
a minor activation. So, while the Pd site does activate the O-O bond, there is an
additional barrier for the CO to convert into CO2 as it involves breaking the O-O
bond. As previously stated, the single Pd atom also has the highest spin excitation
energy, which suggests that the spin state might be playing a role in low activity.
For sizes n=2-7, on the other hand, both O atoms are well separated and atomic
configurations where O-O bonds were still intact (distance of 1.40 Å or less) were
on average 1.79 eV less stable than the ground state. More importantly, for all sizes
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n=2-7, oxygen adsorbs in a spillover geometry. It is important to add that, as shown
in Figure 6.5(l), Pd5 possess a geometry where both O atoms bind to the cluster.
This structure is energetically degenerate (only a 0.06 eV energy difference) with a
structure where one O atom spills over. This feature is probably linked with the
weakest binding of O to Pd5 amongst Pdn O clusters. By comparing the Pdn O and
Pdn O2 ground state structures, it is evident that the Pdn clusters undergo minor
atomic rearrangement upon addition of a second O atom. Thus, one O atom still
prefers to bind at a threefold hollow site on the Pdn cluster, while the second oxygen
atom spills over to the nearest Ti5c site. For Pdn O ground state structures, atomic
configurations where the O atom was initially bound to a Ti5c site instead of the Pdn
cluster were also tested. The O atom prefers to bind to the Pdn cluster for all cases
except Pd1 , where it binds at the Pd-Ti interface. On the other hand, all ground state
structures in the Pdn O2 series have one O atom spilled over to the neighboring Ti5c
site except for Pd1 , which has an intact O2 molecule. The dissociation of molecular
oxygen requires electronic charge transfer from the Pdn cluster to the antibonding
orbital of the O2 molecule. Shown alongside the structures in Figure 6.5(h-n) is the
charge on both the Pdn cluster and the O2 molecule. For Pd1 O2 , only 0.53 e− are
transferred from the Pd atom to the O2 molecule. This weakens the O-O bond, as
seen by the increase in O-O distance by 0.11 Å, but is not enough charge transfer to
completely break it.
The result indicating oxygen’s tendency to adsorb in a spillover mode was quite
surprising, especially at large sizes where binding at two peripheries of a cluster would
minimize the Coulomb repulsion between O atoms. To investigate this in more detail,
the incremental oxygen binding energy as function of cluster size is plotted. The plot
is shown in the upper panel of Figure 6.7, while in the lower panel the amount of
charged transferred to the O2 molecule is shown. There is a clear correlation between
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Figure 6.7: Upper panel: Binding energy of O to Pdn O/TiO2 in eV. Lower panel:
Total charge accumulated by the O2 molecule in e− .
the two data, indicating that charge accumulation by oxygen is related to the oxygen
binding strength. The weakest binding energy occurs at Pd1 , where both O atoms
compete for charge accumulation from the same Pd atom. The next weakest occurs
oxygen binding energy occurs at Pd2 . At this size, there is still a competition of
charge accumulation between the two O atoms, however not as dramatic as for Pd1 .
Beyond Pd2 , both the oxygen binding energy and charge on O2 saturate to around
5.0 eV and 1.70 e− , respectively. The similar oxygen binding energies for Pdn cluster
sizes n=3-7 arise from the similar oxygen adsorption configurations at these cluster
sizes. At these sizes, one O atom binds at a threefold hollow site (the same threefold
hollow site occupied by a single O atom in the Pdn O/TiO2 geometries), and the other
O atom spills over to a neighboring Ti5c site.
The existence of oxygen spillover is consistent with the UHV deposited cluster
experiments on the catalytic oxidation of CO by TiO2 (110)-supported Pdn clusters. 56
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It is found that the oxidation of CO at 550 K by the oxidized Pdn species generates
CO2 , but the amount of CO2 is much less than to account for the removal of all O
atoms. Yet, the experiments do not see desorption of O2 up until 600 K. In fact,
there are no adsorbates left on the Pdn surface, suggesting that the remaining O
atoms have spilled over onto the TiO2 surface. Since the binding energy of the spilled
over O atoms is less than that of the O atoms on the Pdn cluster, one might wonder
why the spillover O atoms are not involved in CO oxidation. It is believed that the
O adsorbed on the Ti5c sites may be expected to have a higher barrier for oxidation
than those located on the Pd clusters.

6.7

Conclusions

The studies summarized in this chapter indicate that Pdn clusters supported on stoichiometric TiO2 (110) have geometrical structures that are governed by the Pd-Pd
interactions that favor a compact geometry and Pd substrate interactions that favor
Pd atoms occupying sites above the lattice O sites. This can lead to isomers (as
in case of Pd4 ) that favor compact or more open structures. For a single O atom,
the oxygen binding energy changes with cluster sizes and is inversely related to the
supported clusters stability. For the addition of O2 , it is shown that for a single Pd
atom, the O-O bond is stretched from its free atom value. On the other hand, all
the remaining clusters lead to structures with a broken O-O bond. One of the O
atoms favors a position over the Pdn cluster while the other occupies sites above a
lattice Ti atom representing a spillover O atom. Further, spillover oxygen may be
less susceptible for CO oxidation because of a larger barrier. The experimental work
by Kaden et al. suggests that Pd4 and Pd7 probably have planar configurations when
supported on the stoichiometric surface. For Pd4 , the studies do indicate a planar
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isomer that is only 0.10 eV less stable. As the experiments are carried out at finite
temperatures, it is feasible that planar configuration can be seen in the experiments.
For Pd7 , a bi-layer ground state is found with a first layer of 5 atoms and 2 atoms
occupying a second layer. The structures of the Pdn clusters are highly sensitive to
the environment and the addition of O does have a significant effect on the electronic
and geometric structure. This softness is believed to be key to the interest in small
clusters where the control over properties by size and environment can enable tunable
catalytic features.
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7. Adsorption of Pdn (n=1-7) on
Non-Stoichiometric TiO2(110)
7.1

Introduction

The motivation in studying the non-stoichiometric surface is to provide a more accurate representation of the experimental TiO2 surface. Ion bombardment or thermal
annealing leads to surface defects known to be bridging O2c vacancies, 26,38,39,129 and
the periodic slab model would have to contain such vacancies to more closely match
the experiment. Note that oxygen vacancy sites are known to react with residual water at the surface, even in UHV conditions, which can convert oxygen vacancy sites
to sites containing a hydroxyl group. 39,130 This motivation is further compounded by
previous studies have indicated that oxygen vacancies may affect both cluster nucleation by enhancing binding at the vacancy site and cluster catalysis by modifying
the electronic properties of the cluster. 52,97,131–136 Take, as an example, the combined
theoretical/experimental studies on MgO(001) supported gold clusters by Landman
and coworkers. 133 In the case for MgO, a missing oxygen atom results in “trap electrons”, highly localized electron pairs remaining exactly at the vacancy site. 131 The
trap electron did, in fact, affect the cluster nucleation and cluster catalysis by enhancing the binding of Au clusters (Au8 binding energy enhanced by over 2.00 eV) and
promoting the activity of Au clusters by leaving them in negatively charged states. 133
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In regards to reactions with oxygen, negatively charged clusters should, at least in
a general sense, be more reactive with oxygen as they can readily donate more electronic charge than neutral clusters. This is all, however, contingent upon the nature
of cluster support interactions at oxygen vacancies, and the nature oxygen vacancies
certainly differs between MgO and TiO2 . A detailed investigation of these interactions is necessary to understand the critical parameters for clusters on the reduced
TiO2 surface.
The results of this chapter show that in the presence of oxygen vacancies, the Pdn
clusters can bind to the surface in a variety of configurations. The configurations can
most simply be grouped as at or away from the vacancy site, but whether or not
the cluster binds at the vacancy leads to further differences in the cluster’s electronic
and geometric properties. Also, the results in this chapter show that the presence of
oxygen vacancies allows the clusters to obtain a wider range of charge states (including
negative charge states) compared to those obtained on the stoichiometric surface.
Initially, this could be interpreted to suggest a wider range of oxygen atom binding
energies as well. The calculations, however, show a general trend indicating that
the calculated oxygen binding energy is larger compared to the case for Pdn clusters
supported on the perfect surface. As will be shown, the large oxygen binding energy
is a consequence of not the charge state of the cluster, but the binding site to which
oxygen prefers to adsorb. Within this chapter, a systematic study of the atomic
and electronic structures of Pdn clusters on the TiO2 surface marked with oxygen
vacancies is introduced. The key results of this chapter build on the previous chapters’
discussions, specifically on the importance of charge accumulation by oxygen, oxygen
spillover geometries, and surface mediated ionic bonds.
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7.2

Theoretical Description of the Reduced TiO2
Surface

In this study, the defect site is simply a missing O2c atom from the surface layer.
The structure of the reduced surface is shown in Figure 7.1(a). The 4x2 surface
supercell contains eight bridging O2c atoms, and removing a single O atom results in a
bridging oxygen vacancy concentration is 12.5%. This is near the typical experimental
concentrations where 7-12% of the unit cells containing bridging oxygen vacancies. 38,54
The system undergoes an energetic penalty upon the removal of an O2c atom and this
quantity, referred to as the vacancy formation energy, is calculated by the following
equation:
1
Evf = E(def ) + E(O2 ) − E(perf ),
2

(7.1)

where E(def ) and E(perf ) are the total energies of the defective and perfect (stoichiometric) surface, respectively, and E(O2 ) is the total energy of an O2 molecule. Within
the methods used here, the vacancy formation energy was calculated to be 3.49 eV, in
good agreement with previous theoretical studies. 97,115 Because these calculations are
periodic, the vacancy sites can interact with other periodic images producing artificial
forces within the system and perturbing the total energy calculation. This is particularly troublesome for small surface cell calculations. Figure 7.1(b) shows the vacancy
formation energy from previous studies and the present study, and indicates that the
methods used in this study produce a converged formation energy with respect to
cell size. The converged behavior of the curve indicates the oxygen vacancies are no
longer interacting when they are separated by at least ∼9 Å, which is achieved with
6 surface unit cells in a 2x3 surface scheme.
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Figure 7.1: Figure (a) shows a ball and stick drawing of the reduced TiO2 surface in
a 4x2 surface supercell. The oxygen vacancy site is depicted by a yellow sphere and a
dashed box is drawn around the 1x1 unit cell. Figure (b) shows the oxygen vacancy
formation energy as a function of surface size. The exact surface scheme used in the
calculation is shown above the data points and the x-axis is the resulting number
of surface unit cells. The two data points marked with asterisks are energies calculated within this study. Other data points were taken from Wu and Chretien, where
identical computational methods as the one used in this study were employed. 97,115
The presence of an oxygen vacancy, formally, leaves two electrons at the surface.
In a partially ionic and partially covalent system such as TiO2 , these electrons are
localized at 3d orbitals of nearby Ti atoms. 131,137 To this end, different magnetic spin
states were calculated to determine the effect of the oxygen vacancy on the magnetic
structure. Similar to the stoichiometric surface, the singlet and triplet spin states for
a surface with a single oxygen vacancy are roughly energetically degenerate (0.05 eV
energy difference). In the spin triplet case, the unpaired electrons are delocalized on
Ti 3d orbitals surrounding the vacancy, thus leaving the local surface structure with
an excess of electronic charge.
The presence of an oxygen vacancy also has an effect on the atomic structure.
Near the vacancy site, the local lattice structure undergoes a distortion in which the
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positions of under-coordinated Ti atoms near the vacancy site are slightly shifted
toward O sites. The calculated distortions are apparent when considering the change
in bond lengths from the reduced surface. Table 7.1 contains the characteristic bond
lengths of the perfect surface and the reduced surface. The most change occurs for
bonds labeled C, F, and H. As can be seen in Figure 3.5(a), a decrease in length for
bonds C and H and an increase in length for bond F results in an increased Ti-O
coordination for Ti atoms near the oxygen vacancy site. All three are Ti-O bonds
and are oriented in the surface (110) direction. Hence, the lattice reconstructions
primarily take place vertically (atomic positions shifting toward or away from the
surface layer) rather than laterally.

Bond Label
A
B
C
D
E
F
G
H
J
K
L

Bond Lengths (Å)
Perfect Surface Reduced Surface
1.84
n/a
2.05
2.03
2.12
1.96
1.96
1.96
1.81
1.81
1.86
2.18
1.99
1.97
2.19
2.03
2.05
2.05
1.98
2.01
1.90
1.90

Table 7.1: Characteristic bond lengths calculated for the perfect and reduced titania
surface. The column labeled perfect surface indicate the bond lengths for a surface
without oxygen vacancies and is the same as found in the table shown in Figure 3.5(a).
The column labeled reduced surface indicates the bond lengths directly at/beneath
the vacancy site.

106

7.3

Pdn clusters on Reduced TiO2(110)

To obtain the equilibrium structures of Pdn (n=1-7) clusters supported on the reduced
TiO2 surface, the same approach as described for the stoichiometric surface was taken.
All of the geometries sampled for the stoichiometric surface were sampled for the
reduced surface as well. In addition, geometries containing Pd atoms at the oxygen
vacancy site were included to determine if there was any preference to bind at or near
the vacancy.
The first objective, which is of primary interest when calculating adsorption energies and ground state geometries of clusters on the reduced surface, is to test whether
or not the clusters bind preferably at the vacancy sites as this is likely to modify the
cluster’s electronic structure. The results indicate that, in general, the Pdn clusters
do not have a strong energetic preference of binding at the vacancy site. The caveat
here is that for both Pd2 and Pd3 the lowest energy ground state structure is at the
vacancy site, but both cluster sizes have energetically close-lying (in reference to their
ground state) binding energies for sites away from the vacancy. These similar binding
energies suggests that in experiments, which occur at finite temperatures, both of
the sites may be available for cluster binding. On the other hand, while both Pd4
and Pd7 have ground states away from the vacancy site, they also have binding sites
close-lying in energy with at least one Pd atom at the vacancy site. For the remaining
sizes the preference to avoid the vacancy is clearly more energetically favored. By
binding at the vacancy site, Pd1 is 0.24 eV less stable compared to its ground state;
likewise for Pd5 and Pd6 , binding at the vacancy site results in less stable structures
(0.67 eV and 0.79 eV higher in energy, respectively) compared to their corresponding
ground states. In Figure 7.2, the calculated ground state geometries (left column)
and higher energy isomers (right column) are shown. In the left column, all cluster
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sizes (except n=2,3) show binding away from the vacancy site; while in the right column, all sizes (except n=2,3) show binding at the vacancy site. For cluster binding
away from the vacancy, the geometries are characteristically similar to those on the
stoichiometric surface (Figure 6.3). This suggests that the same intra-cluster interactions (Pd s- and d- orbital hybridization) and cluster-surface interactions (Pd and
lattice-O interaction) that collectively stabilize the ground state structures on the
stoichiometric surface also play a role in stabilizing the ground state structures on
the reduced surface.
Cluster binding at the vacancy site, whether stable or unstable, results in atomic
structures characteristically different than their gas phase or stoichiometric-adsorbed
geometries. Interestingly, all of these structures are highly planar as shown in Figure
7.2(h-n). At the vacancy site, the electronic structure of the clusters is modified,
which gives rise to the planar structures. Recall from the discussion of gas phase
Pdn clusters in Section 3.4 that s- and d- orbital hybridization causes (1) compact
geometries in Pdn clusters and (2) a splitting of the d- orbital electronic states, which
results in partially depleted spin down d- states and thus non-zero spin magnetic
moments. Also, recall that with an increasing cluster size the s- states are shifted
to higher binding energies and thus appear deeper below the Fermi energy; while
bulk palladium contains a free electron-like s- band that is shallow compared to the
Pd d- band. 106 The key difference is that in compact clusters, the s- orbitals are
localized as they are in gas phase clusters, while in bulk palladium the s- orbitals
form a delocalized band due to enhanced surface interactions, and this delocalized
band is indicative of a metallic-like structure.
For supported Pdn clusters, the nature of s- and d- orbital hybridization is different
depending on whether the clusters are bound at or away from the vacancy site. This
difference leads to two types atomic and magnetic character. For clusters bound away
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Q[Pd2] = -0.43 e-

(i)

!E = 0.12
B.E. = 2.23
Q[Pd2] = +0.40 e-
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!E = 0.00
B.E. = 2.72
Q[Pd3] = -0.15 e-

(j)
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B.E. = 2.71
Q[Pd3] = -0.09 e-

(d)
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B.E. = 2.49
Q[Pd4] = +0.14 e-
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B.E. = 3.13
Q[Pd5] = +0.30 e-
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!E = 0.67
B.E. = 2.46
Q[Pd5] = -0.03 e-

(f)

(m)
!E = 0.00
B.E. = 2.91
Q[Pd6] = +0.30 e-

!E = 0.79
B.E. = 2.12
Q[Pd6] = +0.06 e-

(g)

!E = 0.00
(n)
B.E. = 3.11
Q[Pd7] = +0.45 e-

!E = 0.01
B.E. = 3.11
Q[Pd7] = +0.22 e-

Figure 7.2: Ground state and isomer structures of reduced TiO2 -supported Pdn where
n=1-7. The silver spheres represent Pd atoms and the blue spheres represent Ti
atoms. The vacancy site is in the same position as the yellow sphere in Figure 7.1(a),
but now appears as a blank space (more clearly visible for Pdn cluster not bound at
vacancy).
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Figure 7.3: Density of states plots for Pdn (n=2-4) on the reduced surface where
clusters are bound away from (a thru c) and at (d thru f) the oxygen vacancy site.
The black, red, and blue lines correspond to the total, Pd s-, and Pd d- states,
respectively.
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Figure 7.4: Density of states plots for Pdn (n=5-6) on the reduced surface where
clusters are bound away from (a thru c) and at (d thru f) the oxygen vacancy site.
The black, red, and blue lines correspond to the total, Pd s-, and Pd d- states,
respectively.
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from the vacancy site, the s- states form a localized set that shifts to high binding
energies with increasing clusters size, similar to gas phase Pdn clusters. For clusters
bound at the vacancy site, a shallow “band” of s- states forms, indicating a more
metallic-like behavior which becomes more delocalized with increasing cluster size.
The total and angular momentum decomposed DOS for Pdn (n=2-7) is shown in
Figures 7.3 and 7.4. The plots on the left side correspond to clusters bound away
from the vacancy site, and those on the right side correspond to clusters bound at the
vacancy site. At small clusters sizes (e.g., Pd2 ), the localized nature of the s- states
is apparent regardless of cluster binding site. Yet, with even a slight increase in size
(e.g., Pd3 and Pd4 ), the different features begin to emerge for clusters bound at the
vacancy. The Pd s- states in Pd4 , for example, form a sharp peak at about 1 eV
below the Fermi level (see Figure 7.3(c)) when the cluster is bound away from the
vacancy in a compact, tetrahedral geometry. On the other hand, the flat Pd4 cluster
bound at the vacancy site contains Pd s- states that are clearly more delocalized as
the sharp peaks become more diffuse (see see Figure 7.3(f)). Finally, at the largest
sizes (Pd5 thru Pd7 ), the clusters away from the vacancy feature a set of s- states
that shift collectively, while the clusters at the vacancy feature s- states that continue
to form a delocalized band. The clusters bound at the vacancy possess an electronic
structure reminiscent of bulk palladium where the s- states form a wide, shallow
band and the d- states remain relatively localized. 106,107 Interestingly, the similarities
extend beyond the electronic structure and are reflected in the geometric and magnetic
character as well. First, nearly all of the planar geometries shown in Figure 7.2(h-n)
possess the hexagonal symmetry found in the stable (111) facet of the bulk palladium
fcc structure. Second, the differing nature of orbital hybridization between clusters
bound at and away from the vacancy leads to different magnetic character. For Pdn
clusters bound at the vacancy, the clusters are stabilized by the pairing of spin up
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and spin down electrons resulting in spin magnetic moments of 0 µB ; while almost
all clusters away from the vacancy possess spin moments of 2 µB , as in the case of
adsorption on the stoichiometric surface.
Referring to the results of the previous chapter, Pdn cluster binding to the stoichiometric surface always resulted in charge transfer from Pd to the surface atoms
and thus positive charge states on the cluster. The amount of charge transferred increased with an increasing cluster size, because larger clusters were more coordinated
to the surface atoms that accepted charge. On the reduced surface, a wider variety
of Pdn charge states were calculated, and binding at the vacancy results in either
negative or near neutral charges on Pd atoms. Even when the atomic structure was
characteristically the same as it was on the stoichiometric surface (e.g., n=1,4-7), less
charge was donated from Pdn to the surface. For the sizes that preferably bind at
the vacancy (n=2,3), charge was transferred from the surface to the Pdn cluster. The
observation that not all cluster obtain negative charge states indicates a qualitative
difference between oxygen vacancies at the TiO2 surface in comparison to those at
the MgO surface that was discussed in the introduction of this chapter. The trap
electrons produced as a result of an MgO oxygen vacancy are highly localized. Thus,
cluster binding at an MgO vacancy always leads to charge transfer toward the cluster.
On the other hand, oxygen vacancies on TiO2 leads to an excess of electronic charge
that is near the vacancy site, but less localized than an MgO oxygen vacancy. As a
result, the charge state of Pdn may be negative, but this is not necessarily the case.
The excess of electronic charge near a TiO2 vacancy site has an strong effect on
oxygen binding. Several of the previous chapters have highlighted the strong tendency
for oxygen to accumulate charge, even to the extent of structurally modifying the Pd4
geometry (Chapter 4) or adsorbing at the interface made by the Pdn cluster and the
underlying TiO2 surface as a “spillover” mode (Chapter 6). Considering the excess of
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electronic charge on the reduced surface, one might expect oxygen atom binding at
the Pd-Ti interface to be feasible. As will be shown in Section 7.5, this is in fact the
case. It should be noted here, however, that the total energy of the system is always
lowered when an O atom is back at the vacancy site thus “healing” the vacancy.
Despite this, there are two reasons why a Pdn cluster and an O atom could co-exist
as two surface species even in the presence of a nearby oxygen vacancy. The first is
the possibility that the Pdn cluster is already bound at the vacancy site, presenting
a steric hindrance. The second pertains to the energetic barrier for an O atom to
diffuse into the vacancy site. There is a barrier associated with the process of an Oad
atom inserting into an oxygen vacancy, thus healing it. This barrier is calculated by
a NEB analysis to be 0.81 eV. This barrier is substantial, even at finite temperatures.
More importantly, the presence of even a single Pd atom should increase this barrier
due to enhanced oxygen binding via the surface mediated ionic bonds discussed in
Chapter 5. As this will certainly change the energetic barrier for an O atom to diffuse
on the surface, a short digression must be taken to discuss the details of healing an
oxygen vacancy in the presence of a Pd atom.

7.4

“Healing” a Bridging Oxygen Vacancy

The energetic barrier for an Oad atom to heal an oxygen vacancy was calculated to
determine the feasibility of a single Oad atom on the surface in the presence of an
oxygen vacancy. There are two factors of concern here, both of which will certainly be
affected with the presence of Pd. The first factor is the barrier for healing a vacancy
when an Oad atom is bound to a Ti5c site directly adjacent to the vacancy. As just
discussed, this barrier was calculated to be 0.81 eV when Pd is not present. The
second factor is Oad diffusion along the surface channel, a process which obviously
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must occur in order for the first factor to be relevant. For the reduced surface, this
process corresponds to Oad diffusion from a Ti5c site that is one lattice constant away
from the vacancy to a Ti5c site adjacent to the vacancy. The barrier corresponding
to this process was determined to be 1.16 eV, in good agreement with previous theoretical 39 and experimental 38 studies. One the stoichiometric surface, where Ti5c sites
are indistinguishable, the barrier was calculated to be slightly less at only 0.82 eV.
Nevertheless, these large barriers suggest that Oad atoms are immobile on the reduced
surface.
There is an important difference to Oad mobility on the stoichiometric compared to
the reduced surface that becomes evident when comparing the binding strength of Oad
to each of these surfaces. The binding of Oad to stoichiometric TiO2 was calculated
to be 1.69 eV. This relatively weak binding occurs because all surface atoms are fully
coordinated and the TiO2 stoichiometry is conserved. On the other hand, binding of
Oad to the reduced surface, where Ti sites near the vacancy are under-coordinated,
was calculated to be 5.25 eV. This huge gain in binding energy is a reflection of the
instability of the oxygen vacancy surface. Recall the energetic penalty of forming an
oxygen vacancy is 3.49 eV. This penalty is essentially accounted for in the binding
energy calculation for Oad on the reduced surface. That is, the difference between
these two energies yields 1.76 eV, much closer to the Oad atom binding energy on the
stoichiometric surface. The consequence of such a huge binding energy is a limited
diffusion for Oad when adsorbed on the reduced surface.
Considering the long range ionic bonds introduced in Chapter 5, the presence of
even a single Pd atom should modify both Oad diffusion on the reduced surface and
the energetic barrier to heal an oxygen vacancy. The barrier for Oad to heal an oxygen
vacancy when Pd is co-adsorbed on the surface was determined by a NEB analysis.
The reaction pathway is shown in Figure 7.5(a) as a series of five steps optimized
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within the NEB calculation, and the energies at each step of the NEB analysis are
shown in the upper panel of Figure 7.5(b). The initial state is 0.43 eV higher in
energy than the final state, but the calculated barrier for Oad to diffuse away from Pd
and fill the vacancy is 1.62 eV. This large barrier likely limits the mobility of Oad to
diffuse into the vacancy. At the initial reaction step, the Oad is bound directly atop
the Ti5c site adjacent to the oxygen vacancy. As a result of this, the Ti5c protrudes
out of the surface by a distance of 0.8 Å in reference to its bare surface position. The
plots in the lower panel of Figure 7.5(b) show the distance between this Ti5c atom
and the Oad as well as the distance between Pd and Oad . Thru reaction step 3, the
Ti5c remains protruding and maintains coordinated to the Oad atom by a distance
of 1.7 Å. But immediately after crossing the activation barrier the Ti-O distance
jumps to 3.0 Å, and the Ti5c atom begins to return to its original, bare surface
position. The dashed, vertical line in Figure 7.5(b) is intended to emphasize the
discontinuous behavior immediately after the system crosses the activation barrier.
The Pd-O distance increases more continuously throughout the reaction. The result
of the NEB analysis gives evidence to support the existence of an Oad bound to a
Ti5c site adjacent to the oxygen vacancy without actually healing it, as long as Pd is
present.

7.5

PdnO Clusters on the Reduced TiO2 Surface

With justification that Pd and O can co-adsorb on a surface that contains a nearby
oxygen vacancy, the Pdn O clusters on reduced TiO2 can now be discussed. The equilibrium structures were determined by the same procedure as without oxygen and
geometry optimizations were performed where Pdn clusters were either initially at or
away from the oxygen vacancy site. Additionally, geometry optimizations included
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Figure 7.5: Results of the NEB analysis for the diffusion of an Oad atom into the
vacancy site. Figure (a) shows each step of the 5 image reaction pathway. In Figure
(b), the upper panel shows in the relative energy (black squares) of each state, and the
bottom panel shows the distances of separation between Pd and Oad (blue triangles
pointed up) and Ti5c and Oad (red triangles pointed down).
configurations where the O atoms were both on and off the Pdn clusters. The resultant geometries are shown in Figure 7.6. It is important to note here that for
all geometries, the structures are less stable than if the oxygen vacancy is healed.
Specifically, the structures shown in Figure 6.3 (Pdn clusters on the stoichiometric
surface) all resulted in a lower total energy than those shown here. To this end, the
relative energy difference between these clusters and those of Figure 6.3 is reported
beside each subfigure as Erel . The figure is divided into two groups: Parts (b) thru
(g) correspond to the lowest energy configurations where Pdn clusters are away from
the vacancy, and the vacancy is not healed. Parts (i) thru (l) correspond to the lowest
energy configurations where the Pdn cluster is at the vacancy site. For Pd6 and Pd7 ,
geometries where Pdn was at the vacancy were not convergent because the Pdn O
cluster’s dimensions exceeded the dimensions of the surface supercell. In all cases, O
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adsorption at the Pd-Ti interface is energetically favored, and the Pdn motifs undergo
little change in atomic configuration when compared to the case without oxygen.
An important feature to highlight here is that while the atomic configurations
shown in Figure 7.6 are indicative that O energetically prefers to adsorb in a spillover
mode, there is a wide variety of atomic configurations that could possibly exist in an
experiment. In the experiments by Anderson, the deposited clusters are oxidized by
introducing molecular oxygen into the vacuum. 56 The Pdn clusters then dissociatively
adsorb the O2 molecule resulting in two atomically adsorbed O atoms. One factor that
is not included in the present study is that O atom diffusion on the Pdn cluster may
be limited to due high diffusion barriers. This stated, the cluster configurations shown
in Figure 7.6 assume that O mobility on the Pdn cluster is high, and that O atom
adsorption at the Pd-Ti interface is a result of this high mobility. For each cluster
size, configurations with O bound exclusively to the Pdn cluster were calculated and
always resulted in higher total energies.
As shown beside each subfigure, the amount of charge transferred by Pdn does
not entirely account for the charge accumulated by the O atom. This behavior is in
direct contrast with the clusters supported on the stoichiometric surface where Pdn
charge states were larger in magnitude than O charge states; recall that Pdn donated
charge to adsorbed O atoms and to lattice O atoms. On the reduced surface, charge
accumulation by the adsorbed O atom occurs partially from Pdn and partially from
the excess of electronic charge associated with the oxygen vacancy. The behavior is
more clearly seen by comparing the charge state on a given Pdn cluster when it bound
at the vacancy compared to being bound away from the vacancy. Smaller positive
charges occur on Pdn clusters bound at the vacancy sites.
The binding energy between O and Pdn /TiO2 is reported beside each subfigure.
In all cases, binding is strong due to direct interaction with the reduced surface and
118

(a)

Erel = 0.38
(h)
BE[O] = 5.88
Q[Pd1] = +0.22 eQ[O] = -0.93 e-

Erel = 0.43
BE[O] = 5.84
Q[Pd1] = +0.36 eQ[O] = -0.89 e-

(b)

Erel = 0.60
BE[O] = 5.57
Q[Pd2] = +0.53 eQ[O] = -0.94 e-

(i)

Erel = 0.62
BE[O] = 5.55
Q[Pd2] = +0.37 eQ[O] = -0.90 e-

(c)

Erel = 0.73
BE[O] = 5.04
Q[Pd3] = +0.60 eQ[O] = -0.88 e-

(j)

Erel = 0.81
BE[O] = 4.97
Q[Pd3] = +0.41 eQ[O] = -0.91 e-

(d)

Erel = 0.83
(k)
BE[O] = 5.25
Q[Pd4] = +0.56 eQ[O] = -0.91 e-

Erel = 1.20
BE[O] = 4.88
Q[Pd4] = +0.52 eQ[O] = -0.91 e-

(e)

Erel = 1.34
BE[O] = 4.91
Q[Pd5] = +0.74 eQ[O] = -0.88 e-

(l)

Erel = 2.23
BE[O] = 4.02
Q[Pd5] = +0.64 eQ[O] = -0.92 e-

(f)

(g)
Erel = 0.63
BE[O] = 5.45
Q[Pd6] = +0.84 eQ[O] = -0.90 e-

Erel = 0.93
BE[O] = 5.35
Q[Pd7] = +1.02 eQ[O] = -0.92 e-

Figure 7.6: Ball and stick drawings of Pdn O clusters on reduced TiO2 . The figure
contains lowest energy configurations for Pdn and O on the reduced surface when the
vacancy is not healed. The figure contains configurations where Pdn is bound both
away from and at the vacancy site.
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Pdn cluster. As seen in Figure 7.6, the oxygen binding energy is almost always weaker
when Pdn is bound at the vacancy. The exception is Pd1 , but the binding energy
differs by only 0.04 eV between the two cases. This calls attention to a deeper look
at what controls the oxygen binding energy. For Pd4 , the oxygen atom binds with
0.37 eV less energy when the cluster is bound at the vacancy site (Figure 7.6(k)).
This is due to a higher total energy for system to be in that configuration. Yet, the
existence of such a configuration is not entirely unreasonable. Recall that bare Pd4
binds at the vacancy site with a cluster binding energy only 0.30 eV less than if it were
away from the vacancy. This difference is not large enough to rule out the possibility
of Pd4 binding at a vacancy site, and if it does bind at the vacancy, the result is a
more weakly bound oxygen. The reason for this is clear when consulting the oxygen
binding energy equation from Equation 2.34. A higher total energy for Pdn O/TiO2
translates to weaker oxygen binding. As stated earlier, configurations where O was
bound exclusively to the Pdn cluster always resulted in higher total energies. Also
stated earlier was that O atom diffusion on the Pdn cluster may be limited to due
high diffusion barriers. If the mobility of O on Pdn clusters is in fact limited, this
may be a mechanism to achieve weaker oxygen binding. Determining the O mobility
is out of the scope of the present work, but holds an important value for prospective
research.

7.6

PdnO2 Clusters on the Reduced TiO2 Surface

Lastly, the case where two O atoms are at bound to Pdn /TiO2 is considered. The
equilibrium geometries were determined by the same method as described in previous
sections. The results of the geometry optimizations are shown in Figure 7.7. As in the
case for Pdn O, all geometries shown here are less stable than if the oxygen vacancy
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Figure 7.7: Ball and stick drawings of Pdn O2 clusters on reduced TiO2 . The figure
contains lowest energy configurations for Pdn and two O atoms on the reduced surface
when the vacancy is not healed.
is healed. That is, the structures shown in Figure 6.5(a-g) (Pdn O clusters on the
stoichiometric surface) all resulted in a lower total energy than those shown here, and
the relative energies are reported beside each subfigure. As described earlier, several
factors justify the possibility of configurations where the vacancy is not healed.
During the geometry optimizations, if the Pdn motif was initially away from the
vacancy, the optimization often led to a configuration where the oxygen vacancy
was healed. However, in some cases both O atoms remained exclusively on the Pdn
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cluster. Such geometries were at least 1.0 eV higher in energy, which as discussed
previously, may be interpreted as weakly bound oxygen if the mobility of O on Pdn
is limited. As seen in Figure 7.7, all sizes except Pd1 possess geometries where one
O atom is bound exclusively to the cluster and the other O atom is bound in a
spillover mode. This is characteristically the same as Pdn O2 on the stoichiometric
surface shown in Figure 6.5(h-n). In fact, there are many similarities between Pdn O2
on the stoichiometric and reduced surface. In all cases, the energy is minimized
when the O-O bond is broken. The adsorption sites for O atoms bound to the
Pdn cluster always occurred at threefold hollow sites, where all three Pd-O distances
are nearly equivalent. The adsorbed O atoms remain in the center of the TiO2
surface channel to minimize Coulomb repulsion with the bridging O2 c sites. There are
two main differences between the characteristics of Pdn O2 on the stoichiometric and
reduced surfaces. The first pertains to the charge on oxygen. On the stoichiometric
surface, charge accumulation by O2 increased with cluster size but saturated at about
1.7 e− at size n=3. The availability of charge associated with the oxygen vacancy
on the reduced surface allows for a comparable amount of charge accumulation at
all sizes. This gives support to the conclusion that oxygen binding to Pdn clusters
on the reduced surface is enhanced as charge transfer readily occurs from the surface
sites or the Pdn cluster. The second difference pertains to the atomic configuration
and binding configuration of the Pdn motif. Of course, with the presence of an
oxygen vacancy, cluster binding at the vacancy site is now possible. However, beyond
that, the Pdn O2 structures on the stoichiometric surface were planar up to n=4, but
reverted to three dimensional motifs for sizes n=5-7. On the reduced surface the
clusters form highly planar structures that, apart from the fragmenting that can be
seen in Figure 7.7(e-f), are similar to the bare Pdn clusters bound at the vacancy
site from Figure 7.2(h-n). The electronic structure of the stoichiometric supported
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Pdn clusters differed from their compact alternatives mainly by the formation of a
delocalized s- band rather than a discrete set of s- states. This electronic configuration
is said to responsible for weak binding in small Pdn clusters 104 as the clusters no longer
form close-packed structures, and it may be this that causes the fragmenting of the
clusters seen especially for sizes n=5,6.

7.7

Conclusions

The studies in this chapter indicate that Pdn binding on the reduced surface can
occur in two entirely different manners. While Pdn binding away from a vacancy
site is the lowest energy configuration at most sizes, binding at the vacancy is at
most 0.8 eV less stable and in some cases preferred. Cluster binding at the vacancy
produces an entirely different electronic structure, that more closely resembles the
formation of an s- orbital band seen in bulk palladium. Moreover, the effect of
this modified electronic structure is manifested in the atomic configuration of the
vacancy-bound Pdn clusters, where the hexagonal symmetry seen for bulk palladium
is mimicked within the cluster geometries. Binding of atomic oxygen is strengthened
on the reduced surface due to an excess of electronic charge. This has a direct effect
of Pdn O geometries in that O prefers adsorption at the Pd-Ti interface rather than
exclusively on the Pdn clusters. Binding of molecular oxygen is in many ways similar
whether the clusters are supported on the stoichiometric or reduced surface. The
primary difference is that Pdn clusters are highly planar and that the weak intracluster binding may result in cluster fragmentation. This chapter provides a more
realistic simulation of the experimental conditions, where bridging oxygen vacancies
are known to exist. The formation of highly planar species for Pdn clusters bound at
the vacancy sites can be interpreted as evidence that supports the ISS experiments
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by Anderson. 56

124

8. Conclusions and Prospectives
The studies within this PhD provide a theoretical description of the stability and
oxidation of Pdn (n=1-7) clusters on rutile TiO2 . The study on bare Pdn clusters
indicates that the atomic configurations undergo only small changes upon adsorption
with respect to the gas phase configurations. Yet, in the presence of even a single
adsorbed oxygen atom, the strong tendency for oxygen to accumulate charge while
minimizing Coulomb repulsion with other nearby oxygen sites, can lead to structural
changes. All this occurs in attempt for the Pdn cluster to open a threefold Pd site
at the center of the TiO2 surface channel, at which an oxygen atoms prefers to bind.
A change in Pdn cluster configuration causes the cluster to interact with the surface
differently, which can enhance cluster-surface binding and surface deformations. The
study on Pdn with two oxygen atoms indicates the preference for one oxygen atom
to adsorb in a spillover mode, and is shown to be energetically preferred for all sizes
except the Pd atom. The Pd atom poses a special case in its oxidation properties,
mainly because of the lack of electron charge it is able to donate. The studies indicate,
however, that additional factors may contribute to the lack of oxidation for Pd1 (e.g.,
spin excitation energy), but experimental verification is necessary before confirming
such conclusions.
The studies on the TiO2 surface marked with oxygen vacancies indicate no strong
preference for the Pdn cluster to bind at the vacancy site, but that such a binding
configuration should be energetically feasible at finite temperatures. Also shown is
125

that the electronic, magnetic, and atomic configurations of clusters bound at the
vacancy greatly differ from those away from the vacancy, or those in the gas phase.
The primary difference in atomic configuration is that binding at the vacancy site
leads to planar species. Considering the experimental studies by the Anderson group,
which propose the Pdn clusters are planar up to a size of n=10 atoms, this may
suggest that the clusters are indeed binding at the vacancy sites. The local electronic
structure of the reduced TiO2 surface is marked by an excess of electronic charge,
which modifies the way that the Pdn clusters oxidize. Mainly, single oxygen atoms
prefer to bind in a spillover mode rather than at threefold Pd sites. Further, when
a second oxygen atom is introduced the adsorption reverts back to one oxygen atom
bound exclusively to the cluster and the other remaining bound in a spillover mode.
The presence of spillover oxygen is calculated to be energetically favored for almost
all cluster sizes whether at the perfect or reduced surface. These studies provide
a molecular insight to the interactions that take place between Pd and a spillover
oxygen, when both are adsorbed on the TiO2 surface. Ultimately, oxygen spilled
over to the surface is strongly bound due to “surface mediated ionic bonds”, and the
origin of this unique bonding mechanism is rooted in: (1) the tendency for oxygen to
accumulate charge, (2) the availability of charge donation by Pd, and (3) the ionic
nature of the underlying TiO2 surface and the resiliency of Ti and O to change in
oxidation state. Further, a molecular depiction of the relationship between oxygen
spillover and strong metal support interactions is proposed. The relationship between
these two experimentally-observed phenomenon is proposed to be related to the way
an adsorbing oxygen atom (in a spillover mode) weakens the interactions between
the lattice Ti site to which it binds to and the lattice O sites neighboring that Ti.
The studies also indicate that the energetic cost of interchanging “TiO motifs with
spillover O” and Pd is minimum. Such exchanges could highlight the microscopic
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mechanisms underlying SMSI processes. As both TiO and Pd have similar valence
pools of 10 valence electrons and 3d states, such a finding may open the pathway to
identify “exchange mimics” that govern SMSI in a wider class of systems.
In regards to Pdn clusters used as catalysts in oxidation reactions, these studies
often refer to the Pd-O bond strength as a critical parameter in controlling the oxidation efficiency. The results presented within this PhD provide theoretical insight
to this critical parameter by highlighting the inverse relationship between the oxygen
bond strength and the cluster’s surface stability. However, when adsorbing oxygen is
not exclusively bound to the Pdn cluster (i.e., spillover oxygen) the cluster’s surface
stability becomes less critical, and emphasizes the importance of understanding the
long range binding that is shown to occur between distant Pd and O sites.
To summarize the implications of these theoretical studies, while also providing
ideas for prospective studies, two points will be made. First, the results presented in
this PhD, along with the experimental evidence that most oxygen ends up adsorbing
in a spillover mode, emphasize the role of oxygen spillover in affecting oxidation
reactions. This suggests that research efforts focused on weakening the oxygen binding
energy, in an attempt to increase the efficiency in oxidation reactions, should be
directed specifically towards weakening the binding energy of spillover oxygen. As
the enhanced spillover O is partly due to ionic interaction with Pdn species, one way to
reduce the binding energy may be to weaken this ionic interaction. To this end, model
studies can be performed where either (1) alkali metals or (2) halogen elements are
co-adsorbed on rutile TiO2 with Pd and O, as a means to screen the ionic interactions
between a supported Pd and O species. Second, the studies presented here highlight,
for a given cluster, a comparison of oxygen adsorption sites by simply comparing total
energies. Considering that in experiments, molecular oxygen dissociatively adsorbs
at the Pdn cluster, not all adsorption configurations may be feasible. To this end, the
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adsorbed oxygen atom mobility on the Pdn cluster should be considered to provide a
more coherent picture of the way these clusters oxidize.
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A. Enhanced Oxygen Bonds
(DFT+U Results)
As stated in Section 3.2, conventional DFT exchange correlation functionals, such as
those based on GGA, notoriously underestimate the TiO2 band gap; and this underestimation is directly a result of DFT artificially delocalizing the Ti 3d electrons. Recall
that this can be corrected by the inclusion of a Hubbard U term in the Hamiltonian,
which energetically penalizes the delocalized solution (refer to Chapter 2). Because
one of the major conclusions of Chapter 5 was based on the calculated result of charge
distribution across the surface layer atoms, DFT+U calculations were carried out. If
the physical picture is one where the charge is distributed, then the DFT+U calculations should make no difference, and DFT calculations are appropriate. If the
physical picture is one where charge is not distributed, then the DFT+U calculation
should correct this result, providing a more realistic solution. To this end, supplemental calculations corresponding to those reported in Chapter 5 were performed using
the DFT+U approximation. Note that these supplemental calculations are still based
on the generalized gradient approximation (GGA), and hence the method can also
be referred to as the GGA+U approximation. The implementation as proposed by
Dudarev was used, which requires a parameter Uef f to be supplied (Uef f = U-J). 87
The value of Uef f =4.5 eV was chosen based on previous work on TiO2 , which suggested this value provides the most reasonable description of the electronic structure
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without introducing too large a geometrical distortion. 98
It is important to note that since the U parameter is added as a term of the
Hamiltonian, the GGA+U approach requires the Kohn-Sham equations to be resolved self-consistently. The calculated total energies are entirely different than compared to the GGA approach, because the prescription to compute the total energy
has now changed. Likewise, the geometries must be re-optimized within GGA+U.
Fortunately, for the sake of computational expense, the optimized GGA geometries
can be used as initial atomic coordinates.
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Figure A.1: Supplemental figure showing the results of GGA+U on enhanced oxygen
binding calculations. The orange dots indicate the GGA+U results.
The results of geometry re-optimizations and total energy calculations are shown
in Figure A.1 and are plotted along with the GGA results from Chapter 5. Like Figure
5.3, the oxygen binding enhancement is plotted. Recall, the binding enhancement is
defined as the difference between Oad binding energy to the bare surface and Oad
binding to the surface when Pd is present. Both of these binding energies were
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calculated to be lower in the GGA+U scheme, but they were lower by the same
amount meaning the overall binding energy enhancement remained the same. Any
differences in the points shown in Figure A.1 are due to the slight changes in the
optimized Pd-O distances. The atomic charges were calculated by a Bader charge
analysis, as in the GGA approach, and were found to be slightly different (compare
with Figure 5.3), but by no more than 0.07 e− .
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B. Pdn Clusters on Reduced TiO2
(DFT+U Results)
Previous theoretical studies have drawn attention to the inadequacies of conventional
GGA functionals (e.g., PBE) in accurately predicting the band gap of reduced TiO2
and the position of the defect state that is introduced when an oxygen vacancy is
present. 138–140 Consequently, these references suggest that supplemental GGA+U calculations should be performed, as the method is proposed to offer a better theoretical description of the reduced surface. To this end, supplemental calculations were
performed to determine the geometries and corresponding binding energies of Pdn
clusters supported on the TiO2 (110) surface marked with oxygen vacancies. Like the
results shown in Appendix A, a Hubbard U parameter of Uef f =4.5 eV was used.
First, the bare, reduced surface was re-optimized as the total energy was needed to
calculate the cluster binding energies. The optimized GGA geometry was used as
a starting point for the optimization. Subsequently, all the Pdn clusters geometries
shown in Figure 7.2 were re-optimized using the GGA+U method.
The primary effect of the U parameter on the bare, reduced surface is an increase in
the energy difference between the magnetic spin states. The energy difference between
the ground state triplet and higher energy singlet state increases from 0.05 eV (the
value determined by the GGA calculations) to 0.52 eV with the inclusion of the U
parameter. The removal of a bridging O2c atom from the TiO2 surface, formally,
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leaves two unpaired electrons that are delocalized at Ti 3d sites near the oxygen
vacancy. 141 The stabilization of the spin triplet state in the GGA+U scheme is a
direct result of the increased localization of these Ti 3d electrons. The inclusion of
U also causes the reduced TiO2 slab to undergo slight changes in geometry. The
characteristic bond lengths corresponding to those previously shown in Figure 3.5(a)
are reported in Table B.1. Compared to the GGA results (U=0 eV column), the
inclusion of U leads minor changes. The largest changes occur for the bonds labeled
G and H.
Bond Lengths (Å)
Bond Label U=0 U=4.5
A
n/a
n/a
B
2.03
2.03
C
1.96
1.98
D
1.96
1.98
E
1.81
1.85
F
2.18
2.16
G
1.97
2.06
H
2.03
2.11
J
2.05
2.05
K
2.01
1.95
L
1.90
1.94
Table B.1: Characteristic bond lengths calculated for the reduced titania surface
without Hubbard U and with Hubbard U, where U=4.5 eV. The labels refer to the
bonds drawn in Figure 3.5(a), and refer to the bond lengths directly at/beneath the
vacancy site.
Referring back to the Figure 3.5(a), it can be seen that the increase in bonds G and H
both indicate a change in the local bonding of the Ti site directly one trilayer beneath
the oxygen vacancy site, which is again a direct result of the increased Ti 3d orbital
localization.
Unlike several previous studies, 138–141 identifying the differences between GGA and
GGA+U in predicting the structure of reduced TiO2 is not the primary goal of this
144

work. In this study, the primary question is to determine the effect of Hubbard U on
the Pdn cluster adsorption properties on reduced TiO2 . The results of the geometry
optimizations are shown in Figure B.2. There is a slight energetic preference towards
binding at the vacancy site that is observed in several ways. First, consider the energy
difference of the Pd2 cluster binding at and away from the vacancy. Like the GGA
results, the cluster still prefers binding at the vacancy, however the difference between
the two binding sites increases from 0.12 eV (GGA results) to 0.85 eV (GGA+U
results). On the other hand, the Pd4 and Pd7 clusters preferred binding away from
the vacancy within GGA, but recall that binding at the vacancy was not much higher
in energy (0.30 and 0.01 eV, respectively). Within the GGA+U results, the binding
site preference is reversed, and now binding away from the vacancy is slightly less
stable. Lastly, the GGA+U results indicate that Pd5 and Pd6 still prefer binding
away from the vacancy site, but the relative energy difference between binding at and
away from the vacancy site is less than was calculated within GGA.

Pdn Binding Energy (eV)
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1.0

GGA+U
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Figure B.1: A comparison of the GGA and GGA+U (U=4.5 eV) results for Pdn
cluster binding energy to the reduced TiO2 surface.
Lastly, the inclusion of U affects the calculated cluster binding energies as shown in
Figure B.1. The overall trend clearly remains the same, but the binding energies
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Figure B.2: Ball and stick drawings of Pdn O clusters on reduced TiO2 : GGA+U
results.
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increase by an average value of 0.54 eV. This is a directly a result of the lowering
in total energy of the spin triplet state of the surface. That is, the shift in binding
energies is a reflection of the energy difference between spin states calculated by GGA
compared to GGA+U.
In summary, the inclusion of Hubbard U has the most noticeable effect on electronic structure of reduced TiO2 by resulting in an increased energy difference between
magnetic spin states. However, upon adsorption of Pdn clusters, the U approximation
leads to no major qualitative differences in the adsorption characteristics. Although
certain clusters do show an energetic preference toward vacancy site binding with the
inclusion of U, the energy difference between cluster binding at compared to away
from the vacancy was not very large without U.
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